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Abstract 
 
 
Resistive random-access memory, based on a simple two-terminal device structure, has 
attracted tremendous interest recently for applications ranging from non-volatile data storage to 
neuromorphic computing. Resistive switching (RS) effects in RRAM devices originate from 
internal, microscopic ionic migration and the associated electrochemical processes which modify 
the materials’ chemical composition and subsequently their electrical and other physical 
properties. Therefore, controlling the internal ionic transport and redox reaction processes, ideally 
at the atomic scale, is necessary to optimize the device performance for practical applications with 
large-size arrays. In this thesis we present our efforts in understanding and controlling the ionic 
processes in RRAM devices. 
This thesis presents a comprehensive study on the fundamental understanding on physical 
mechanism of the ionic processes and the optimization of materials and device structures to 
achieve desirable device performance based on theoretical calculations and experimental 
engineering.  
First, we investigate the electronic structure of Ta2O5 polymorphs, a resistive switching 
material, and the formation and interaction of oxygen vacancies(VOs) in amorphous Ta2O5, an 
important mobile defect responsible for the resistive switching process, using first-principles 
calculations. Based on the understanding of the fundamental properties of the switching material 
and the defect, we perform detailed theoretical and experimental analyses that reveal the dynamic 
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VO charge transition processes, further helping the design and optimization of the oxide-based 
RRAM devices.  
Next, we develop a novel structure including engineered nanoporous graphene to control 
the internal ionic transport and redox reaction processes at the atomic level, leading to improved 
device performance. We demonstrate that the RS characteristics can be systematically tuned by 
inserting a graphene layer with engineered nanopores at a VO-exchange interface. The amount of 
VOs injected in the switching layer and the size of the conducting filaments can be effectively 
controlled by the graphene layer working as an atomically-thin ion-blocking material in which 
ionic transports/reactions are allowed only through the engineered nanosized openings. 
Lastly, better incremental switching characteristics with improved linearity are obtained 
through optimization of the switching material density. These improvements allow us to build 
RRAM crossbar networks for data clustering analysis through unsupervised, online learning in 
both neuromorphic applications and arithmetic applications in which accurate vector-matrix 
multiplications are required. We expect the optimization approaches and the optimized devices 
can be used in other machine learning and arithmetic computing systems, and broaden the range 
of problems RRAM based network can solve. 
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Chapter 1 Introduction 
 
1.1 On-Demand Reconfiguration of Nanomaterials 
In conventional electronic devices such as transistors, the information is processed by 
controlling the mobile carriers, e.g., electrons, schematically shown in Figure 1.1. Ions such as 
dopants are necessary to build the device during fabrication, but are not actively 
modulated/programmed during device operation. Thus, no physical changes to the devices and 
materials are involved during device operation. On the contrary, physical reconfiguration of a 
material requires moving masses (atoms or ions) during the device operation. Recent advances in 
thin-film and fabrication technologies, combined with developments in characterization and 
 
Figure 1.1: Schematic illustration showing how functionally (left) and physically (right) 
reconfigurable systems are differently operated. Reproduced with permission.2 Copyright 
2017, John Wiley and Sons. 
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measurement techniques, have now made it possible to control the migration of individual atoms 
(ions) in even conventional insulators and semiconductors.1,2 These devices can be programmed 
at high speed, with other operation parameters also compatible with conventional electronic 
circuits, and thus enable the merge of ionics with electronics.  
1.2 Resistive Random Access Memory (RRAM) 
Ionic-based resistive switching devices that operate by controlled physical reconfiguration 
of the switching material, schematically shown in Figure 1.1, have been extensively studied with 
excellent performance metrics.1,4 Specifically, these devices possess the simplicity of a resistor – 
with the whole device structure consisting of only two electrodes sandwiching a “switching” 
medium. Unlike a simple resistor, however, the device offers the capability to change its resistance 
on demand, and more importantly, the ability to store (memorize) the new resistance state as 
needed, thus the name memristor (memory + resistor)5-7, or RRAM in memory applications. The 
resistance change and storage (termed resistive switching, RS) effects are achieved by the 
redistribution of ions (atoms) in the switching layer (Figure 1.1), which in turn modulate the local 
 
Figure 1.2: Resistive switching characteristics in a RRAM device. Reproduced with 
permission.3 Copyright 2015, American Chemical Society. 
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resistivity and the overall electrical resistance, as shown in Figure 1.2.1,4 For example, a RRAM 
device can be programmed from high resistance state to low resistance state (SET process) by 
applying a voltage bias and then the device resistance can be switched back to the high resistance 
state (RESET process) by applying opposite polarity bias. Each state is maintained until another 
set or reset bias is applied, indicating non-volatile switching. In this case, the functionality, e.g. 
memory effect as reflected by the resistance changes, is realized through ionic processes but the 
information is sensed and processed through electrical signals, achieving efficient data storage and 
computing functions in an extremely compact structure. Therefore, understanding and controlling 
the internal ionic transport and redox reaction processes, ideally at the atomic scale, is necessary 
to optimize the device performance for practical applications with large-size arrays. 
 
1.3 RRAM for High-Density Data Storage 
A main feature of RRAM is the high storage-density the device offers. Specifically, 
RRAM’s simple, two-terminal structure (Figure 1.3a) enables device integration in a crossbar form 
with high-density and high-connectivity, having one device formed at each crosspoint in the 
crossbar, as shown in Figure 1.3b. In the crossbar structure, each device can be randomly accessed 
and the cell size is minimum, i.e. 4F2 (F representing the smallest feature size), allowing highest 
possible 2D density. Additionally, RRAM fabrication typically involves only a few additional 
steps, using low-temperature processes and materials that are mostly compatible with 
complementary-metal-oxide-semiconductor (CMOS) processes. This makes it possible to directly 
integrate RRAM arrays on top of CMOS circuitry in the same chip (Figure 1.3c), as well as 3D 
stacked memory structures with even higher density (Figure 1.4). Combined with the sub-10nm 
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scalability, RRAM is generally viewed as a promising candidate for a broad range of applications 
from high-density data storage, hybrid CMOS logic circuits to portable/wearable electronics.9,10 
To further improve the storage density, three-dimensional(3D) integration of memory 
structures is necessary. 3D RRAM architectures can be achieved since only low-temperature 
processes are needed and the device does not rely on a single crystalline substrate. There are 
generally two types of 3D architectures.11 The first involves stacking multiple 2D crossbar arrays 
on top of each other, as shown in Figure 1.4 (left), in which the storage density increases as the 
number of stacked layers increases. The fabrication and functionality of 3D stacked structures have 
been demonstrated using Ag-based ECM devices12, polymer(PI:PCBM)-based organic resistive 
switching devices13, and TaON-based VCM devices14. 3D stacking offers ultra-high scalability 
with minimal changes to the fabrication processes. However, the number of lithographic steps and 
masks used in the process increases linearly with the number of stacks.11,15  
As a cost-effective 3D architecture, the vertical RRAM structure was proposed.16 In the 
vertical RRAM structure the MIM cells are formed in parallel at the sidewall of a vertical electrode 
(Figure 1.4 right). Several studies have demonstrated the feasibility of the proposed vertical 
RRAM structure, mostly based on transition metal oxide-based systems e.g., TaOx
17, HfOx
18, 
 
Figure 1.3: (a) Two-terminal structure of a RRAM device8 (b) Crossbar array in which 
each RRAM cell is formed at every crosspoint of electrode lines. Reproduced with 
permission.8 Copyright 2009, American Chemical Society. (c) SEM image of a RRAM 
crossbar array integrated on a top of CMOS chip. Reproduced with permission.9 
Copyright 2012, American Chemical Society. 
 
Figure 1.3 
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TaOx/TiO2
19, WOx
20, and AlO/Ta2O5-x/TaOy
21. The integrated RRAM devices in the vertical 
structure exhibit typical resistive switching behaviors, e.g., >1000 on/off ratio, >1010 endurance, 
104 s retention at 125C.21 More importantly, good uniformity between devices at different layers 
was observed, supporting the feasibility of vertical 3D integration.18,21 Since the electrode size in 
the vertical RRAM structure is determined by the width of the vertical electrode and the thickness 
of the horizontal electrode, potentially better scaling can be achieved since film thickness control 
during deposition is generally easier than pattern size control during lithography. For example, a 
graphene layer with atomic thickness has been employed as a horizontal electrode in a vertical 
RRAM structure, with improved power consumption due to the reduced device size.23  
 
1.4 Emulation of Synaptic Plasticity by a RRAM Device 
Beyond memory applications, an emerging, attractive field for resistance switching devices 
is bio-inspired neuromorphic computing.24-26 Non-conventional computing architectures are now 
being seriously considered since the current digital computing architecture, in which the central 
processing unit (CPU) is physically separated from the memory, increasingly suffers from the von 
Neumann bottleneck problem, resulting in the loss of energy efficiency and throughput due to 
 
Figure 1.4: Schematic illustration of 3D X-point structure (left, Crossbar, Inc) and 3D 
vertical structure (right). Reproduced with permission.22 Copyright 2012, IEEE. 
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intensive data movements. Furthermore, rapid advances in social networks, mobile devices and 
sensors require efficient, real-time storage and analysis of large amounts of data, while current 
hardware systems are not optimized for these data-intensive tasks. Neuromorphic computing 
systems, taking inspiration from the human brain, can potentially offer enormous computing 
capability through massive parallelism at extremely low power consumption, and have attracted 
strong interest as a promising option in the search of new computing paradigms.27-32 
A biological network consists of interconnected neurons through reconfigurable 
connections – synapses, as illustrated in Figure 1.5a. The connection strength, the synaptic weight, 
can be strengthened (via potentiation) or weakened (via depression) depending on the neurons’ 
firing patterns, e.g., spiking timing and rates. The synapse can retain the updated weight33 from 
tens of milliseconds to a few minutes in the form of short-term plasticity34, and from minutes (and 
hours) to days (and months) in the form of long-term plasticity35-37. These effects, termed synaptic 
 
Figure 1.5: (a)Schematic illustration of a memristor acting as a synapse bridging a pair of 
neurons, with the ability to gradually modulate the synaptic weight (conductance) by 
controlling the internal ionic configuration. (b) Incremental conductance modulation of a 
memristor, in response to identical, consecutive potentiating (blue square) and 
depressing(red circle) pulses. Reproduced with permission.24 Copyright 2010, American 
Chemical Society. 
 
 
 
  7 
plasticity, are believed to play a critical role in the processes of learning and memory.38 The ability 
of RRAM devices to modulate its conductance and evolve into different states, dependent on the 
input history, makes these devices ideal building blocks as artificial synapses for hardware 
implementation of neuromorphic systems.39-43 Additionally, analog-type switching, in which the 
device conductance changes incrementally in response to a series of input signals (spikes), allows 
simple implementation of online learning.39,44 Such incremental conductance modulation effects, 
as shown in Figure 1.5b, were experimentally implemented in different types of memristive 
devices including WOx, Ag/a-Si, Ta2O5 and Al2O3/TiO2.
24,45-47 
 
1.5 Neuromorphic Computing based on RRAM Crossbar Network 
An important feature of the cortical system is its large connectivity, enabling massively 
parallel processing. For example, the human brain has roughly 100 billion neurons with on average 
7,000 synaptic connections per neuron48. The two-terminal structure of memristive devices can 
potentially offer high connectivity, high density, and random access that are required to implement 
 
Figure 1.6: Schematic illustration showing how neural network can be mapped onto a 
crossbar structure in which RRAM devices formed at every crosspoint work as a synapse. 
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large-scale neuromorphic systems, in the form of RRAM crossbar arrays. Indeed, a neural network 
can be readily mapped onto a crossbar structure as shown in Figure 1.6. In this case, each input 
neuron (e.g. connected to a horizontal electrode) is connected to every output neuron (e.g. 
connected to a vertical electrode) with a memristor device acting as a synapse. Equally importantly, 
since current directly flows through the memristor between the input and output neurons, the 
“resistive” feature of the device allows it to directly modulate the information (in the form of 
current) flow through Ohm’s law. In this sense, the device allows memory and computing 
functions to be performed simultaneously at the same physical location, without having to move 
data between different components. 
Specifically, in a crossbar array, when input voltage pulses are applied to the rows of the 
crossbar, the output currents are determined by the product of the input voltage and the stored 
conductance values in the crossbar matrix, where the sum of currents from all devices connected 
 
Figure 1.7: Schematic illustration of an artificial neural network based on a RRAM 
crossbar structure, in which vector-matrix multiplication operation can be parallel 
performed. Reproduced with permission.49 Copyright 2017, Springer Nature. 
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in a column determines the total current collected at the column. In this way, the memristor 
crossbar naturally performs multiplication and accumulate (MAC) operations, while the output 
currents collected at the columns represent the (input) vector- (stored synaptic weight) matrix 
multiplication operation40,43,47,50,51, a key operation in machine learning, analog computing, and 
other data intensive computing tasks. Note here the vector-matrix operation is achieved directly 
“for free” through physical phenomena (e.g. Ohm’s law and Kirchhoff’s law, where the output is 
obtained via a single read of the output current), without having to perform computation and move 
data between separate processor and weight storage units. The ability to change the device 
conductance in situ in turn allows the network to adapt to the input patterns and learn useful 
features from the input data using online learning algorithms,40,41,43,47 thus making the crossbar-
based system a natural fit for mapping machining-learning and bio-inspired computing algorithms.  
 
1.6 Organization of the Thesis 
This thesis discusses our work on developing analog switching RRAM device with improved 
incremental switching characteristics that are desirable for neuromorphic computing and possibly 
arithmetic computing systems. The studies are based on comprehensive understanding of the 
internal dynamics of resistive switching behaviors at atomic level, and implemented through 
systematic experimental efforts. The thesis is organized as following” 
Chapter 1 is the introduction, where we provide the background information of RRAM 
device operation and applications, focusing on the concept of physical reconfiguration of 
nanomaterials through ionic transport and redox reactions. Potential of RRAM devices for high-
density data storage and efficient parallel computing such as neuromorphic computing applications 
is introduced. 
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In Chapter 2, we investigate the electronic and optical properties of crystalline and 
amorphous Ta2O5 structures using first-principles calculations based on density functional theory 
(DFT) and the GW method. The calculated band gaps of the crystalline structures are too small to 
explain the experimental measurements, but the amorphous structure exhibits a strong exciton 
binding energy and an optical band gap (~ 4eV) in agreement with experiment. Additionally, short-
range structure of our generated amorphous simulation cells shows excellent agreement with 
experimental data, allowing us to continue our theoretical calculations on a crucial defect, oxygen 
vacancy, in amorphous Ta2O5.  
In Chapter 3, we investigate the thermodynamic, electronic, and optical properties of 
oxygen vacancies in amorphous Ta2O5 by first-principles calculations based on hybrid-functional 
DFT method. The calculated thermodynamic and optical transition levels are in good agreement 
with a broad range of diverse measured properties with various experimental methods, providing 
conclusive evidence for the identification of the defect states observed in experiments as 
originating from oxygen vacancies. Our results elucidate the fundamental atomistic properties of 
oxygen vacancies in various oxidation states as a function of growth conditions and provide 
guidance to control the properties of Ta2O5 films/devices. 
In Chapter 4, we study the interactions between neutral and charged VOs in amorphous 
Ta2O5 using DFT calculations. The binding energy between charged VOs is strongly repulsive at 
short range, contradicting the experimentally observed high VO concentration in filaments. On the 
other hand, neutral VOs exhibit a short-range attraction that facilitates aggregation, but their charge 
neutrality precludes interactions with an electric field. We propose a series of charge-transition 
processes that are necessary during RS which enables VO drift and aggregation. We experimentally 
support the proposed model with electrical measurements under visible-light illumination that 
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induce charge transitions of VOs and enhance the programming and erasing processes. Our results 
provide microscopic understanding of the RS mechanism and the effect of light on ions/defects 
migration. 
In Chapter 5, we show that the RS characteristics in tantalum-oxide-based memristors can 
be systematically tuned by inserting a graphene film with engineered nanopores. Graphene, with 
its atomic thickness and excellent impermeability and chemical stability, can be effectively 
integrated into the device stack and offer unprecedented capabilities for the control of ionic 
dynamics at nanoscale. In this device structure, the graphene film effectively blocks ionic transport 
and redox reactions, thereby the oxygen vacancies required during the RS process are only allowed 
to transport through the engineered nanosized openings in the graphene layer, leading to effective 
modulation of the device performance by controlling the nanopore size in graphene. The roles of 
graphene as an ion-blocking layer in the device structure were further supported by transmission 
electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS) and atomistic 
simulations based on first-principles calculations.  
In Chapter 6, we report experimental implementation of memristor crossbar hardware 
systems using the optimized devices. The system we developed can allow direct comparison of 
the Euclidean distances without normalizing the weights. Unsupervised K-means clustering 
algorithm through online learning was experimentally implemented. The approaches and devices 
can be used in other unsupervised learning systems, and significantly broadens the range of 
problems memristor based network can solve. 
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Chapter 2 Electronic Band Structure of Tantalum Pentoxide Polymorphs 
 
2.1 Introduction 
 As discussed in Chapter 1, RRAM device operations are based on ionic transport and 
electrochemical reactions, leading to the formation/rupture of conductive filaments at the 
nanoscale. However, atomic-level thermodynamic and kinetic descriptions of resistive 
switching in oxide-based RRAM, which are critical for continued device design and 
optimization, are still relatively lacking. Comprehensive understanding and optimizations of 
RRAM devices will require the development of atomistic descriptions of the fundamental 
properties of the switching materials and the mobile defects. 
 Tantalum oxide-based RRAM devices have been found to exhibit high endurance, long 
retention, and fast switching speed.1-3 Despite the application potential of this material, consistent 
experimental and theoretical data about its structural, electronic, and optical properties are still 
missing, which is a major obstacle to further improve the material performance in applications.  
In this work4, we systematically investigate the electronic and optical properties of three 
crystalline (β-Ta2O5, δ-Ta2O5, and 11 f.u. model) and four amorphous structures of tantalum 
pentoxide using first-principles calculations based on DFT and many-body perturbation theory. 
We employed the GW approximation5 to obtain quasiparticle band structures for all examined 
Ta2O5 structures without adjustable or empirical parameters to uncover the relationship between 
the underlying structure and the resulting electronic and optical properties. Our results show that 
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the amorphous structure has an optical gap that is in agreement with experiment and is thus a 
plausible structural model for low-temperature Ta2O5 (L-Ta2O5). 
 
 
2.2 Discrepancy in Previous Experiments and Theoretical Calculations 
 Various crystalline polymorphs for L-Ta2O5 have been proposed in the literature. A model 
consisting of 11 formula units (11 f.u. model) was proposed based on x-ray powder diffraction 
measurements.6 Subsequently, two simpler models, the orthorhombic β-Ta2O5 and the hexagonal 
δ-Ta2O5, were reported.7,8 Previous results for the electronic properties of these three polytypes at 
the density functional theory (DFT)/generalized gradient approximation (GGA) level are 
consistent with each other, but results obtained by more advanced methods (i.e., the HSE06 and 
PBE0 hybrid functionals and DFT+U calculations) show large variations. Gu et al. calculated band 
gaps of 0.2 and 1.06 eV for β-Ta2O5 and δ-Ta2O5, respectively, at the GGA level.9 Wu et al. found 
that the band gap using GGA (HSE06) is 0.1 eV (0.9 eV) for β-Ta2O5 and 1.1 eV (2 eV) for δ-
Ta2O5.
10 Nashed et al. reported gaps of 0.2 eV (2.45 eV) for β-Ta2O5 and 1.04 eV (2.92 eV) for δ-
Ta2O5 with the PBE (PBE0) functional.
11 GGA+Ud+Up calculations by Kim et al. found band gaps 
of 2.24 and 3.24 eV for β- and δ-Ta2O5, respectively.12 Moreover, there is a large discrepancy 
between calculated and experimental values of the band gap. Experimental measurements on the 
band gap of tantalum pentoxide grown by different deposition techniques find consistent values 
around 4 eV,13 which is much larger than calculated values for β- and δ-Ta2O5 (Table 2.1). 
 More recently, structural models with lower symmetry have been examined to resolve this 
crystalline structure and band-gap issue. Even though the 11 f.u. model14 of L-Ta2O5 is the 
structure reported earliest in the literature, it has not been computationally studied in detail due to 
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its large unit cell and complicated atomic configuration. Recently, it was found to be more stable 
and to have a larger gap than the higher-symmetry models.14 Yang et al. found its gap to be 3.91 
eV within PBE0,14 while Kim et al. reported a band gap of 4.8 eV using the GGA+Ud+Up method12. 
Furthermore, other proposed crystalline models are found to be stable and exhibit band gaps 
similar to experiment. The λ-Ta2O5 polytype with a symmetry of Pbam proposed by Lee et al. has 
a band gap of ~4 eV and lower total energy than the β-Ta2O5, δ-Ta2O5, and 11 f.u. models as 
determined with HSE06.15 In addition, Kim et al. generated a pseudo-hexagonal Ta2O5 structure 
that is modified from the high-symmetry δ-Ta2O5 geometry by breaking the symmetry and 
optimizing the atomic positions, and has a band gap of 4.28 eV as determined within 
GGA+Ud+Up.12 
However, the reported gap values for the various Ta2O5 polytypes determined by more 
advanced methods are not in agreement with each other. The GGA+Ud+Up calculation by Kim et 
al. for λ-Ta2O5 found a band gap of 4.7 eV,12 while this value is ~4 eV with HSE06.15 The 
Table 2.1: The calculated band gap of tantalum pentoxide polymorphs (eV). 
 Method β-Ta2O5a δ-Ta2O5b 11 f.u.b λ-Ta2O5a 
Pseudo-
hexagonal amorphous 
This work 
PBE 0.19 1.27 1.92 2.18 · 2.98 
GW 1.03 
2.22 
(2.79)c 
2.96 
(3.59)c 
3.23 · 
4.26 
(3.92)d 
Reference 14 GGA 0.2 1.06 · · · · 
Reference 15 
GGA 0.1 1.1 · · · · 
HSE06 0.9 2 · · · · 
Reference 16 
PBE 0.2 1.04 · · · · 
PBE0 2.45 2.92 · · · · 
B3LYP 2.15 2.65 · · · · 
Reference 21 HSE06 ~ 2 ~ 2 · ~ 4 · ~ 4 
Reference 20 
PBE · · 1.96 · · · 
PBE0 · · 3.91 · · · 
Reference 17 GGA+Ud+UP 2.24 3.24 4.8 4.7 4.28 · 
a Direct band gap. 
b Indirect band gap. 
c Minimum direct band gap. 
d Optical gap including excitonic effects. 
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calculated gap values for β-Ta2O5, δ-Ta2O5, and 11 f.u. models within GGA+Ud+Up are larger by 
approximately 1 eV compared to hybrid-functional results.10,14 Moreover, the calculated band gap 
of β-Ta2O5 by Lee et al. using HSE06 is larger by about 1 eV compared to the HSE06 result of 
another study.10 In light of the wide variation and inconsistency of these results it is impossible to 
reliably relate the underlying polytype geometry to the band-gap value and to establish a 
connection with electronic and optical measurements. 
 
2.3 Methodology 
The charge density and electronic wave functions were obtained with DFT in the GGA16 
for the exchange-correlation potential using the Vienna ab initio simulation package (VASP).17,18 
We used projector augmented-wave (PAW)19,20 pseudopotentials with a plane-wave cutoff of 400 
eV and included the Ta 5s25p65d36s2 and O 2s22p4 electrons in the valence. The quasiparticle band 
structures were calculated using the one-shot GW method within VASP. The GW method has been 
validated to accurately predict the electronic properties of bulk materials21-23 and nanostructures24-
26. The maximally localized Wannier function formalism was employed to interpolate the band 
energies to arbitrary points in the first Brillouin zone. 27 The exciton binding energies and optical 
absorption spectra were determined using the Bethe-Salpeter equation (BSE) method and the k-
point interpolation scheme implemented in BerkeleyGW. 28 Quasiparticle corrections to the DFT 
eigenvalues for the BSE calculations were applied with a scissor-shift operator fitted to the GW 
results of VASP. 
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2.4 Band Structure of Ta2O5 Polymorphs 
We calculated the band gaps of the β-Ta2O5, δ-Ta2O5, 11 f.u. model crystalline structures 
(Figure 2.1) but the results are too small to explain experiment. The β-Ta2O5 polytype has an 
orthorhombic cell with Pccm symmetry containing four tantalum and ten oxygen atoms. 
Experimental values for the lattice parameters and atomic positions of β-Ta2O5 were used for the 
calculations.7 The PBE band structure of β-Ta2O5 has a 0.19 eV direct band gap at Z, in good 
agreement with previous calculations.10,11 The GW band structure of β-Ta2O5 is shown in Figure 
2.2a. GW widens the gap to 1.03 eV, in agreement with previous HSE06 calculations.10 However, 
the value of the gap for this polytype is too small compared to the experimental value of ~4 eV.13 
The δ-Ta2O5 structure belongs to the P6/mmm group and contains two formula units in one unit 
cell. The GW band structure of δ-Ta2O5 exhibits a 2.22 eV indirect band gap and a 2.79 eV direct 
band gap, Figure 2.2b, in agreement with previous HSE06 calculations10 but much smaller than 
experiment. The 11 f.u. model has an orthorhombic unit cell with 22 tantalum and 55 oxygen 
 
Figure 2.1: Crystal structures of (a) β-Ta2O5, (b) δ-Ta2O5, (c) the 11 f.u. model, and (d) 
amorphous tantalum pentoxide. Reproduced with permission.4 Copyright 2014, AIP 
Publishing. 
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atoms. In our calculation the occupancy of the oxygen sites is determined by the combination that 
gives the lowest total energy as reported by Yang et al.14 The atomic positions and cell parameters 
of the 11 f.u. model are optimized with a structural relaxation calculation. The GW band structure 
of the 11 f.u. model displays a 2.96 eV indirect band gap (Figure 2.2c). The minimum direct band 
gap of this model is 3.59 eV, which is larger than the β-Ta2O5 and δ-Ta2O5 structures, but it is ~0.4 
eV smaller than the experimental optical gap. 
 On the other hand, we calculated the optical gap of amorphous Ta2O5 in good agreement 
with experiment. The amorphous structures were generated using first-principles molecular-
dynamics simulations with the VASP code29 starting from the crystalline structure of β-Ta2O5 with 
a supercell contacting 24 Ta2O5 formula units. The Brillouin zone was sampled at the Γ point and 
the density was set to the experimental value of 6.88 g/cm3. 30 We annealed the cell at a temperature 
of 3500 K using a Nosé-Hoover thermostat31 followed by a quenching step down to 1000 K below 
the theoretical melting point. 32 Finally, a damped molecular-dynamics run was performed to 
optimize the structural geometry. We carried out the melt and quench procedure with various 
annealing times (12 ps, 16 ps, and 20 ps) and cooling rates (300 K/ps and 200 K/ps) to generate 
 
Figure 2.2: Band structures of (a) β-Ta2O5, (b) δ-Ta2O5, and (c) the 11 f.u. model of tantalum 
pentoxide calculated with the GW method. β-Ta2O5 has a direct band gap of 1.03 eV at Z, 
while δ-Ta2O5 has an indirect band gap of 2.22 eV between A and  with a minimum direct 
band gap of 2.79 eV. The band gap of the 11 f.u. model is indirect with a magnitude of 2.96 
eV, while the minimum direct gap is 3.59 eV. Reproduced with permission.4 Copyright 2014, 
AIP Publishing. 
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four amorphous cells under different annealing and cooling conditions. The four structures have 
consistent atomic geometries as shown in the radial distribution function of Ta-O (Figure 2.3a) 
with similar short-range structure as experimental and previous Monte-Carlo computational results. 
10,33 The GW gaps of the different amorphous structures are also consistent with each other. The 
average of the GW band gaps is 4.26 eV with a standard deviation of 0.1 eV. We also performed 
BSE calculations including the electron-hole interaction, which gives rise to excitonic effects that 
lower the energy of the first optical excitation. Figure 2.3b shows the calculated imaginary part of 
the dielectric function including excitonic effects. The optical calculation gives the lowest exciton 
energy of 3.92 eV, which is in agreement with the experimental optical gap. The difference 
between the lowest exciton energy and the electronic band gap is the exciton binding energy of 0.3 
eV. The size of the exciton was determined by projecting the square of the exciton electron wave 
function along one of the simulation cell directions. The full-width at half-maximum (FWHM) of 
the envelope function is 21.5 Å. 
 
 
Figure 2.3: (a)Radial distribution function of the amorphous Ta2O5 structures generated 
with different annealing times and cooling rates. (b)Imaginary part of the dielectric function 
ε2 for amorphous Ta2O5 with and without electron-hole interaction effects included. The 
exciton binding energy (0.3 eV) was obtained from the difference between the optical gap at 
3.92 eV (i.e., the lowest exciton energy) and the electronic band gap at 4.26 eV. Reproduced 
with permission.4 Copyright 2014, AIP Publishing. 
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2.5 Relationship Between the Electronic Properties vs. Underlying Structure 
To analyze the dependence of the band gap on the atomic geometry we determined the atomic 
orbitals that form the valence band maximum (VBM) and conduction band minimum (CBM) of 
each polymorph. As expected, the VBM consist of oxygen 2p orbitals and the CBM consists 
primarily of tantalum 5d orbitals in all polymorphs. Interestingly, it was found that the small-gap 
structures, i.e., β-Ta2O5 and δ-Ta2O5, have different CBM orbital configurations than the larger-
gap 11 f.u. model and amorphous structures. There is a significant tantalum 6s component in the 
CBM wave functions of β-Ta2O5 and δ-Ta2O5, but not the larger-gap structures. In addition, this 
tantalum 6s orbital is attributed to specific Ta atoms in the two models. For example, there are two 
kinds of Ta atom sites in β-Ta2O5, (2a) and (2b) as shown in Figure 2.4a. The tantalum 6s orbital 
that contributes to the CBM wave function comes only from the Ta atoms in the (2b) site. Figure 
2.4 shows the total density of states (DOS), as well as the projected density of states (P-DOS) 
obtained by projecting onto Wannier functions localized on each Ta atom. Specific atoms such as 
 
Figure 2.4: Crystal structure, density of states (DOS), and projected density of states (P-
DOS) on Wannier functions localized on each Ta atom for (a) β-Ta2O5 and (b) δ-Ta2O5. 
Reproduced with permission.4 Copyright 2014, AIP Publishing. 
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the Ta atoms at (2b) site of β-Ta2O5 and the Ta atom at the (1a) site of δ-Ta2O5 contribute to the 
DOS near the band edge. 
Our results establish the connection between the underlying structure and the electronic 
properties of Ta2O5. It is expected that the small-gap structures would show larger band gap if the 
contribution by the (2b) Ta atoms in β-Ta2O5 and the (1a) Ta atoms of δ-Ta2O5 was removed. 
Indeed, this hypothesis is supported by the recent results of Helali et al., who reported an increased 
band gap for the reconstructed hexagonal δ’-Ta2O5 structure. 34 The band-gap increase is related to 
ionic displacements of the (1a) Ta and the nearby O ions in the reconstructed δ’-Ta2O5 structure, 
which reduces the coordination of the (1a) Ta atoms from 8-fold to 6- or 7-fold and increases the 
band gap. A similar increase of the band gap by reconstruction was observed in the pseudo-
hexagonal Ta2O5 structure by Kim et al.
12 
 
2.6 Conclusion 
In summary, we studied the electronic and optical properties of crystalline and amorphous 
Ta2O5 with first-principles calculations. The calculated band gaps of the examined crystalline 
structures (β-Ta2O5, δ-Ta2O5, and 11 f.u. models) are too small to explain the experimental 
measurements, but the amorphous structure gives an optical band gap that agrees with 
experimental results. Our results therefore provide evidence that the amorphous structure is a 
plausible structural model for the L-Ta2O5 materials with a measured optical gap of ~4 eV as 
reported in the literature. 
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Chapter 3 Electronic and Optical Properties of Oxygen Vacancy in Amorphous Tantalum 
Oxide 
 
3.1 Introduction 
In oxide-based RRAM devices including tantalum oxide, oxygen vacancies (VO) are 
commonly considered as crucial defects that can significantly influence the electrical and optical 
properties of Ta2O5 films and modulate the operation of the devices. Specifically, the operation of 
memristive devices essentially relies on the control of oxygen vacancies, where the resistance 
switching is triggered by the formation, dissolution, and redistribution of oxygen vacancies 
followed by the formation or rupture of conductive filaments.1-3 Despite extensive experimental 
studies on oxygen vacancies in Ta2O5, the reported oxygen vacancy defect states have been 
ambiguous, lacking accurate and conclusive theoretical evidence. 
In this work4, we use first-principles computational methods based on hybrid density 
functional theory (DFT) to investigate the thermodynamic, electronic, and optical properties of 
oxygen vacancies in amorphous Ta2O5. Amorphous cells that were proven to exhibit good 
agreement with experimental data in structural and electronic properties as discussed in Chapter 2 
were employed to study the oxygen vacancy properties in this work. We show that 
thermodynamically preferred oxygen sites with lower vacancy formation energies are those that 
primarily contribute to the valence band maximum wave function. We also determine the 
concentrations and the dominant oxidation states of oxygen vacancies as a function of growth 
conditions. Our results on the electronic and optical properties indicate that experimentally 
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observed but as-yet unidentified defect states in Ta2O5 can be attributed to neutral oxygen 
vacancies. By analysing the charge distributions and energies of excess electrons in the presence 
of oxygen vacancies we observe the formation of polarons bound to charged oxygen vacancies, 
which transport via a hopping conduction mechanism and can have a significant effect on the 
films’ electrical conductivity. Our work provides microscopic understanding of the properties of 
oxygen vacancies in Ta2O5, which is important for tuning its electrical and optical properties, and 
for optimizing material growth and device operation.  
3.2 Previous Experimental and Theoretical Studies on Oxygen Vacancy in Ta2O5 
 Due to their significant role in device operations, oxygen vacancies in Ta2O5 have been 
extensively studied both experimentally and theoretically. A broad range of values for defect levels 
in Ta2O5 have been reported from various experimental methods, including thermally stimulated 
current (TSC),5 fitting of I-V measurements,6 photoconductivity,7,8 and photoluminescence.9  The 
defects observed in the experimental studies have been tentatively identified as oxygen vacancies, 
despite the absence of unequivocal theoretical or experimental evidence. Lau et al. found a defect 
state at 0.8 eV below the conduction band by the TSC method.5 In addition, Mikhaelashvili et al. 
reported a defect ionization energy of 0.58 eV extracted from the fitting of I-V measurement to the 
equation of the Poole-Frenkel conduction mechanism (i.e., the transport of electrons via repeated 
trapping and detrapping by defect levels).6 They tentatively attributed the observed defect states 
to oxygen vacancies. Moreover, the photon energy for the onset of photocurrent, at which defect-
trapped electrons get photoexcited into the conduction band and conduct, was reported at 1.5 eV, 
without an apparent photoconductivity peak.7,8  In addition, Markosyan et al. reported intrinsic 
and induced optical absorption losses in amorphous Ta2O5 films at a photon energy of 1.165 eV 
using a dual-beam experiment, 10  which they assign to absorption introduced from point defects 
  30 
such as oxygen vacancies or oxygen interstitials. However, the nature of defect states around 1.1 
eV from the band edges of Ta2O5 is unknown. On the theoretical side, early density functional 
theory (DFT) studies using the local density approximation (LDA) and the generalized gradient 
approximation (GGA) to the exchange-correlation functional do not fully explain the defect levels 
measured in experiment because the values of the band gaps of insulators and the positions of 
defect states are not accurate with these two functionals.11,12 Other studies did not make a 
distinction between thermodynamic and optical transitions, and they also drew conclusions by 
comparing experimental data to inaccurate LDA calculations.5 In addition, most theoretical studies 
on defects in Ta2O5 employed the crystalline structure. However, according to our previous 
theoretical work employing the GW method, the calculated band gaps of the purported crystalline 
structures are too small to explain experimental values, while the calculated optical gap of the 
amorphous structure is in good agreement with experiment.13 Recent theoretical studies have 
focused on explaining the resistive-switching mechanism in Ta2O5 memristors.
14-16 For example, 
Jiang and Stewart used first-principles nudged-elastic-band calculations and reported a low energy 
barrier for oxygen vacancy migration, which is attributed to the adaptive crystal structure and 
accounts for the low operating voltage and fast switching speed of Ta2O5-based memristive 
devices.16 Moreover, Xiao et al. studied oxygen vacancies in amorphous Ta2O5 in the context of 
the mechanism of resistive switching.14 However, their calculated value for the band gap (3.3 eV)14  
is noticeably smaller than experimentally measured values (~ 4 eV)7. Moreover, the reported defect 
level (0.8 eV below the conduction band) determined by their density-of-states calculation14 is 
related to optical transitions, not the thermodynamic transition level reported experimentally5. 
Calculations of thermodynamic transition levels require total-energy differences of defects at 
different charge states that take into account the structural relaxation of nearby atoms, whereas 
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transition levels from the density of states (which assume atoms remain unrelaxed) should be 
compared to optical-transition levels. Overall, theoretical studies to comprehensively characterize 
and understand the fundamental properties of oxygen vacancies in Ta2O5 (such as their charge 
state, formation energy, charge distribution, and thermodynamic and optical transition energies) 
that explain the wide range of available experimental data are still missing.  
   
3.3 Methodology 
We performed first-principles calculations based on density functional theory (DFT), 
which is well suited for the study of defects in periodic simulation cells. 17 The equilibrium 
geometry of the atoms, the total energies, and electronic wave functions are obtained using a plane-
wave pseudopotential method within the generalized gradient approximation (GGA) functional of 
Perdew, Burke, and Ernzerhof (PBE).18 Projector augmented-wave (PAW) pseudopotentials19,20, 
as implemented in the Vienna ab-initio simulation package (VASP),21,22 were used with a plane-
wave cutoff of 400 eV. A k-point mesh of 1 x 1 x 1 was used to ensure convergence of 5 meV/atom 
for the total energy and 20 meV/defect for the defect formation energy. Atomic configuration of 
cells with vacancy was obtained through force minimization where the force tolerance for 
geometry relaxation was 0.02 eV/Å. The range-separated hybrid functional of Heyd, Scuseria, and 
Ernzerhof (HSE06)23 was used to describe the exchange-correlation interaction of electrons in 
electronic-structure and geometric-relaxation calculations, which yields more accurate values for 
the band gap than PBE. A mixing ratio of 0.2 and a range separation parameter of 0.2 Å-1 are used 
in all calculations. 
The formation energy of oxygen vacancies for various charge states is calculated by: 
𝐸𝑓[𝑉𝑂
𝑞] = 𝐸𝑡𝑜𝑡[Ta2O5 ∶  𝑉𝑂
𝑞] − 𝐸𝑡𝑜𝑡[Ta2O5 ∶  bulk] + 𝜇𝑂 + 𝑞𝐸𝐹                     (3.1) 
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where 𝐸𝑡𝑜𝑡[Ta2O5 ∶  𝑉𝑂
𝑞] is the total energy of the amorphous Ta2O5 cell containing an oxygen 
vacancy with charge q, and 𝐸𝑡𝑜𝑡[Ta2O5 ∶  bulk]  is the total energy for the perfect cell. The 
parameters 𝜇𝑂  and 𝐸𝐹  are the chemical potential of an oxygen atom and the Fermi level of 
electrons. The Fermi level is referenced to the valence band maximum (VBM) in the bulk cell with 
the correction of band alignments.24 We also evaluated the finite-size correction for charged 
defects in supercell calculations.25,26 The correction for the long-range Coulomb interaction is quite 
small, ~ 0.01 eV, due to the high dielectric constant of Ta2O5 of 24, and it does not affect our 
conclusions. 
 
3.4 Formation Energy of Oxygen Vacancies in Amorphous-Ta2O5 
We performed first-principles calculations based on hybrid-functional density functional 
theory (DFT) to study oxygen vacancies in amorphous Ta2O5  using a simulation cell that contains 
24 Ta and 60 O atoms generated by the melt-and-quench method (Figure 3.1a).13 The calculated 
band gap of the amorphous cell used in this work is 4.24 eV based on the HSE method, which is 
consistent with previous experimental and theoretical results in considering the exciton binding 
energy of 0.3 eV.7,13 Seventeen of the 60 possible oxygen sites with different atomic 
configurations, indicated in Figure 3.1a, were chosen and the formation energy of oxygen 
vacancies for various charge states was calculated to identify the thermodynamically preferred 
sites. We found that the formation energy of VO does not correlate to geometrical properties of the 
oxygen sites such as their coordination number or the bond lengths with nearest Ta ions. However, 
we uncovered a correlation between the vacancy formation energy and the amount of the partial 
charge density for the valence band maximum (VBM) wave function of the corresponding oxygen 
atom. Oxygen sites that contribute the most to the VBM partial charge density exhibit lower 
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vacancy formation energies, and all oxygen sites having non-negligible contributions to the VBM 
partial charge density are included in the seventeen oxygen sites investigated in this work. This 
allows us to find the most favorable oxygen sites for the formation of vacancies without having to 
consider all oxygen sites that requires substantial computational resources.  
The wave function squared of the VBM state is concentrated around O45, as shown in 
Figure 3.1a. The O45 and neighbouring oxygen ions, O20, O14, O6, O7, and O38, whose 2p orbitals 
 
Figure 3.1: (a) Atomic structure of the amorphous Ta2O5 simulation cell and isosurface of 
the band-decomposed charge density at the VBM. Gold (large) and red (small) spheres 
represent tantalum and oxygen atoms, respectively. The value of the isosurface is chosen to 
enclose 50% of the electron density. (b) Formation energies of neutral (top) and doubly 
charged (bottom) oxygen vacancies in order of increasing contribution of the corresponding 
O atom to the partial charge density at the VBM. The orange-shaded values denote oxygen 
sites with significant partial charge density (larger than 2.5 %) and the grey values are 
oxygen sites with negligible partial charge density (less than 0.5%). (c) Formation energies 
of oxygen vacancies as a function of Fermi level for O-rich conditions. Oxygen vacancies at 
O sites with larger amounts of partial charge density at the VBM (indicated by colored lines) 
have lower formation energy relative to vacancies at O sites with negligible partial charge 
density (grey lines). The Fermi level is referenced to the VBM and its maximum limit is the 
CBM. The calculated band gap using the HSE06 functional is 4.24 eV. (d)-(e) Charge 
distributions of excess electrons and schematic of the energy position of defect states and 
electron occupancy in cells with (d) neutral and (e) ionized oxygen vacancies. Neutral oxygen 
vacancies give rise to occupied mid-gap electronic states that are localized between two 
neighbor Ta ions. The two electrons from fully ionized oxygen vacancies behave as free 
delocalized electrons. (f) The computational procedure of generating the VO defect 
configurations to study neutral (d) and ionized (e) oxygen vacancies. Reproduced with 
permission.4 Copyright 2017, Royal Society of Chemistry. 
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primarily contribute to the VBM wave function, exhibit lower formation energies than other 
oxygen ions with lower contributions to the VBM. For example, the average value of the formation 
energy for neutral oxygen vacancies (VO
0) is 5.80 eV for the oxygen sites that contribute less than 
0.5% VBM partial charge density and 4.27 eV for the oxygen sites with larger (more than 2.5%) 
VBM partial charge (Figure 3.1b). To determine stable oxygen vacancies in various charge states, 
the formation energy of the oxygen vacancies is plotted as a function of the Fermi-level in Figure 
3.1c. The correlation between thermodynamic stability and the amount of the VBM partial charge 
density is observed over the entire range of the Fermi level within the gap. We attribute this 
correlation to the lower energy required to extract valence electrons occupying states near the 
VBM than deeper electrons. This correlation can also provide useful guidance to identify 
thermodynamically favoured defect sites in large and complex structures of other amorphous 
materials as well. Moreover, the thermodynamically most stable oxygen vacancies show negative-
U behaviour, i.e., the singly charged vacancy (VO
+) state is thermodynamically unstable. Similar 
negative-U behaviour is observed for oxygen vacancies in ZnO. 27  In addition, the transition level 
between the +2 and 0 charge states for the most stable O vacancies is located near the conduction 
band edge, thus oxygen vacancies in amorphous Ta2O5 behave as donors.  
 We also investigate the charge distributions and electronic levels of excess electrons 
introduced by oxygen vacancies. The band-decomposed charge density for the excess electrons in 
the presence of neutral and ionized oxygen vacancies is plotted in Figures 3.1d and e, respectively. 
The excess electrons in cells with neutral oxygen vacancies are localized in the empty space 
between Ta ions and give rise to a fully occupied defect level within the forbidden gap (Figure 
3.1d). On the other hand, no states are observed within the gap for the Vo2+ case, and electrons of 
ionized oxygen vacancies behave as free electrons delocalized over many Ta ions (Figure 3.1e). 
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3.5 Equilibrium Oxygen Vacancy Concentration 
To determine the equilibrium oxygen vacancy concentration at room temperature and their 
dominant charge state, the equilibrium Fermi level due to the interplay of neutral and ionized 
oxygen vacancies was calculated self consistently as a function of chemical potential. On the one 
hand, the formation energy of charged vacancies depends on the Fermi level as in Figure 3.1c, but 
on the other hand the Fermi energy is controlled by the concentration of extra electrons released 
into the conduction band by charged defects. In the case of amorphous Ta2O5, the
 formation energy 
of VO
2+ is negative when the Fermi level is located near the valence band edge, which favours the 
spontaneous generation of charged oxygen vacancies.  
However, the electrons released into the conduction band by the formation of charged 
vacancies shift the Fermi level to higher values, increase the charged-defect formation energy, and 
inhibit the further spontaneous generation of charged vacancies. By self-consistently evaluating 
the feedback between the Fermi-level position within the gap, the vacancy formation energy, and 
 
Figure 3.2: (a) Formation energy of an oxygen vacancy at a low-formation-energy O site 
(VO7) as a function of Fermi-level within the range of growth conditions. The grey area 
indicates the range of formation energies between the extreme O-rich and O-poor limits. (b) 
Calculated equilibrium Fermi level as a function of oxygen chemical potential. The dominant 
oxidation state of the oxygen vacancy depends on the value of the chemical potential. (c) 
Calculated equilibrium concentration of neutral and doubly charged oxygen vacancies as a 
function of the oxygen chemical potential. Only neutral oxygen vacancies can occur in large 
concentrations in equilibrium, and are thus the dominant O vacancy charge state in 
experimentally grown samples. Reproduced with permission.4 Copyright 2017, Royal Society 
of Chemistry. 
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the concentration of oxygen vacancies, we determine the equilibrium position of the Fermi level 
and the vacancy concentrations. Moreover, the vacancy formation energy depends on the growth 
conditions through the oxygen chemical potential, 𝜇𝑂 . Figure 3.2a exhibits the formation energy 
of an oxygen vacancy at a characteristic oxygen site, VO7, in both neutral and doubly charged states 
as a function of 𝜇𝑂 within the range of possible values. The vacancy formation energies and hence 
the equilibrium Fermi level depend on the 𝜇𝑂. The equilibrium Fermi level increases towards the 
conduction band as 𝜇𝑂 decreases, as shown in Figure 3.2b. This is because lower values of 𝜇𝑂 
(oxygen-poor conditions) lower the ionized oxygen vacancy formation energies and increase the 
concentration of excess electrons in the conduction band. The concentration of vacancies at 
different charge states and the dominant charge state are affected by the growth conditions related 
with the chemical potentials because the equilibrium Fermi level changes, as shown in Figure 3.2b. 
There is a critical value for the oxygen chemical potential 𝜇𝑂
critical below which neutral oxygen 
vacancies are thermodynamically preferred (O-poor conditions), while for 𝜇𝑂 above the critical 
value (O-rich conditions) charged vacancies dominate. At the critical 𝜇𝑂 value, the equilibrium 
Fermi level is equal to the thermodynamic transition level for which the dominant oxidation state 
changes (Figure 3.2b and c). As seen in Figure 3.2c, under O-poor conditions the neutral vacancy 
concentrations reach large values and dominate compared to charged vacancies. In contrast, the 
concentration of charged vacancies under O-rich conditions is low (lower than 1010 cm-3 at room 
temperature). Therefore, our results demonstrate that thermodynamically stable oxygen vacancies 
in amorphous Ta2O5 predominantly exist in the neutral charge state, and thus neutral oxygen 
vacancies with low formation energies are a possible cause of mid-gap defect levels.  
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3.6 Thermodynamic Transition Level 
Figure 3.3a shows the formation energy of a stable oxygen vacancy (VO7) for various 
oxidation states as a function of Fermi level. Negatively charged (corresponding to the case of 
additional electrons trapped at the already occupied defect sites) and positively single-charged 
vacancies (VO
n where n=–1, –2, and +1) are not stable over the entire range of Fermi levels within 
the gap. The thermodynamic transition level, i.e. the position of the Fermi level for which the 
formation energies of the +2 and 0 oxidation states are equal, for VO7 is 0.61 eV below the 
conduction band minimum (CBM). Positively double-charged oxygen vacancies (VO
2+) are 
thermodynamically stable below this value, while neutral oxygen vacancies (VO
0) are more stable 
above the transition level. Experimentally, the thermal ionization energy of defects corresponds to 
this thermodynamic transition level.28 We determined the thermodynamic transition level, (0/2+) 
for four stable oxygen vacancies with the lowest neutral-vacancy formation energies (VO7, VO14, 
VO20, and VO38. The average value of the transition level for these four vacancies is 0.81 eV with 
 
Figure 3.3: (a) Calculated formation energies for various oxidation states of O vacancies as 
a function of Fermi level for one of the low-formation-energy O sites (VO7) under O-rich 
conditions. The transition level, (0/2+) is 0.61 eV below the bottom of conduction band, 
which corresponds to the ionization energy of the oxygen vacancy. (b) Schematic of the Poole-
Frenkel conduction mechanism in insulators. Electrons transport by getting trapped and 
detrapped between different defect sites and the conduction band. The average calculated 
value of the ionization energy for stable oxygen vacancies, indicated by the red arrow, is 0.81 
eV ± 0.12 eV, which is in good agreement with experimental values of 0.6–0.8eV. Reproduced 
with permission.4 Copyright 2017, Royal Society of Chemistry. 
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a standard deviation of 0.12 eV (Figure 3.3b), which is in agreement with the measured values of 
0.8 eV by TSC measurements,5 and 0.58 eV by fitting to the Poole-Frenkel conduction 
mechanism.6 The agreement of the calculated thermodynamic transition level with the 
experimental ionization energy presents conclusive evidence that the experimentally observed 
defect states at an energy of 0.6 – 0.8 eV below the conduction band minimum can be identified 
with oxygen vacancies. On the other hand, the large value of the ionization energy (0.81 eV) is too 
large to be overcome with thermal energy at room temperature. Our results therefore indicate that 
isolated oxygen vacancies in Ta2O5 are unlikely to be ionized at room temperature and hence act 
as deep donors.  
 
3.7 Optical Transition Level 
To determine the position of defect levels and interpret experimental data, we need to 
invoke the configuration coordinate diagram (Figure 3.4) and distinguish between thermodynamic 
and optical transitions due to their different time scales. Since charged defects in different 
oxidation states have distinct charge distributions and equilibrium atomic lattice configurations, 
transitions between those oxidation states may cause the rearrangement of the atoms around the 
defect site. For thermodynamic transitions, there is sufficient time for atoms to relax to the atomic 
geometry of the new ground state. On the contrary, optical transitions occur at a much shorter 
timescale and atoms are assumed to remain frozen at the geometry of the initial state during the 
transition.28 Moreover, the rearrangement of the atoms between the geometries of the initial and 
final defect oxidation states causes the Stokes shift of the optical absorption and emission energies. 
Figure 3.4a represents the calculated configuration coordinate diagram of VO7 in the neutral, +1, 
and +2 charge states. Electrons in the charged states are assumed to be located at the CBM. Optical 
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transition energies are determined by fixing the atomic configuration to that of the initial oxidation 
state. For instance, the photon energy needed to excite an electron from the neutral vacancy to the 
CBM is calculated using the equilibrium configuration of the initial neutral vacancy state, and 
corresponds to the vertical energy difference between the 0 and +1 charge states at the atomic 
configuration of the neutral state (Figure 3.4a and b). The average calculated value of the 
 
Figure 3.4: (a) Calculated configuration coordinate diagram for one oxygen vacancy (VO7) 
in the neutral, +1, and +2 charge states. The Fermi level is assumed to be located at the 
bottom of the conduction band. The average calculated value of the lowest-energy optical 
transition for neutral defects is 1.56 eV. (b) Schematic of the defect state induced by neutral 
oxygen vacancies within the gap. The red arrow indicates the optical transition that excites 
trapped electrons at mid-gap defect states to the conduction band by light absorption. 
Considering the strong electron-hole attraction and exciton binding energy in amorphous 
Ta2O5 (0.3 eV) the absorption energy (Ea) is estimated to be 1.26 eV. (c) Calculated 
configuration coordinate diagram of VO7 assuming the Fermi level to be located at the 
valence band maximum. The average value of the neutral O vacancy mid-gap levels for 
stable oxygen vacancies is 2.75 eV above the VBM. (b) Energy diagram of mid-gap state 
induced by neutral oxygen vacancies. The green arrow indicates the radiative recombination 
of electrons trapped at defect states with holes in the valence band. The emitted photon 
energy (Ee) considering the exciton binding energy in amorphous Ta2O5 (0.3 eV) is estimated 
to be 2.45 eV. Reproduced with permission.4 Copyright 2017, Royal Society of Chemistry. 
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photoexcitation energy for the four most stable neutral oxygen vacancies is 1.56 eV with a standard 
deviation of 0.16 eV, which is similar to the onset of the experimental photoconductivity data.7,8 
However, unlike photoconductivity experiments, electron-hole interactions need to be considered 
to determine the transition energies of defect states in optical-absorption experiments. 29 Electron-
hole interactions lower the transition energy by an amount equal to the exciton binding. According 
to our previous work, the exciton binding energy in amorphous Ta2O5 is 0.3 eV.
13 Assuming that 
bulk and defect-state excitons have similar binding energies, we find that electron-hole interactions 
lower the optical absorption energy from 1.56 eV to 1.26 eV (Figure 3.4b). Therefore, the reported 
optical absorption at 1.165 eV in experiment10 can be ascribed to excitations from the defect state 
of neutral oxygen vacancies at 1.56 eV below the CBM to the lowest bound exciton state. 
Similarly, the light-emission energy associated with neutral oxygen vacancies can be obtained 
from the configuration-coordinate diagram. After optical excitation, the atoms around an oxygen 
vacancy site relax to a new equilibrium configuration and emit radiation with a longer wavelength 
than the absorbed one as shown in Figure 3.4a. The average value of the emission for the optical 
transition from VO
+ (EF=E
CBM) to VO
0 is 0.33 eV with a Stokes shift of 1.2 eV. However, 
photoluminescence of 0.3 eV has not been reported experimentally for Ta2O5. Nonetheless, Figure 
3.4c also indicates the VO
0  → VO+ (EF=EVBM) radiative recombination of electrons at the defect 
level with holes in the valence band. Our results predict that photoluminescence for this transition 
occurs at 2.45 eV (including the exciton binding energy of 0.3 eV, as in Figure 3.4d), which is in 
reasonable agreement with the experimentally reported luminescence at 2.2 eV.9 
Our results about the effect of growth conditions on the stability of oxygen vacancies in 
each oxidation state provide new insights about the structure-property relations of Ta2O5. By 
adjusting the growth conditions, such as the oxygen partial pressure to tune the oxygen chemical 
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potential and the addition of other dopants to adjust the Fermi level, the dominant charge state of 
oxygen vacancies (+2 or neutral) in Ta2O5 can be controlled. This enables the tuning of the 
electrical and optical properties of Ta2O5, since charged vacancies introduce n-type doping and no 
sub-band-gap optical absorption, while neutral vacancies introduce deep occupied states in the gap 
as well as optical absorption in the visible. Moreover, atomistic phenomena that involve the 
migration and the aggregation/dissolution of oxygen vacancies, such as resistive switching in 
memristors, can be interpreted and analysed in terms of transitions between different charge states 
of oxygen vacancies due to changes in the local environment during the switching process. 
 
3.8 Formation of Polaron 
Our calculations also hint to the formation of polarons bound to charged oxygen vacancies 
in Ta2O5. We first calculate the polaron formation energy in bulk (defect-free) Ta2O5. The 
polaronic configuration has lower energy than the delocalized configuration by 58 meV (Figure 
3.5a). The extra electron becomes localized on a few Ta sites after relaxation (Figure 3.5) and 
causes a local lattice distortion: the nearest-neighbour O ions move outward from the Ta ions due 
to repulsion by the excess electrons and the bond length increases by ~1%.  
We subsequently examine polaronic effects in oxygen vacancies. By adding two electrons 
into previously relaxed VO
2+ simulation cells and further relaxing (as described in Figure 3.6b) we 
investigate the relative thermodynamic stability of three possible electron configurations: (a) the 
neutral vacancy configuration, with electrons bound to mid-gap defect states (Figure 3.1d), (b) the 
fully charged vacancy, with electrons occupying delocalized conduction-band states (Figure 3.1e), 
or (c) a bound polaron state, which involves electrons occupying spatially localized states in the 
vicinity of charged vacancies. Most thermodynamically preferred vacancy sites reverted to the 
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neutral-vacancy configuration (a) after the addition of two electrons and the relaxation step. 
However, certain oxygen sites (VO7, and VO45) also exhibit a polaronic state (c) at a higher energy 
(0.3 eV on average) than the neutral one (a). We also found one particular vacancy site (VO6) for 
which the lowest-energy state is the polaronic one, (c), although its energy is 0.3 eV on average 
higher than the lowest-energy neutral state (a) of other thermodynamically preferred sites. After 
accounting for all vacancies, polarons, and their complexes we expect that a fraction of electrons 
that are bound to the most stable neutral-vacancy states will overcome this 0.3 eV average energy 
difference and form polaron states at high temperature. In all cases, bound complexes between 
polarons and charged vacancies (c) have lower formation energies than fully ionized vacancies 
and free electrons (b). For the polaronic states the two excess electrons occupy two distinct same-
spin eigenstates inside the forbidden gap, which results in a triplet system with two unpaired 
 
Figure 3.5: (a) Calculated configuration coordinate diagram for a delocalized electron and a 
polaron in amorphous Ta2O5. The ground-state configuration of the polaron has lower 
energy by 58 meV than the delocalized electron. (b) Charge distributions of an extra electron 
in unrelaxed (left) and relaxed (right) cells. The charge distribution of excess electron 
becomes more localized after relaxation, giving rise to the formation of polarons. The value 
of the isosurface was chosen to enclose 10% of the electron density in both cases. Reproduced 
with permission.4 Copyright 2017, Royal Society of Chemistry. 
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electrons. Also, the electrons are neither localized at the vacancy sites nor delocalized over the 
entire crystal, but they are instead localized at individual Ta sites forming polarons, as shown in 
Figure 3.6a. Our calculated value of the binding energy of the vacancy–polaron complexes is 0.2 
eV, which is similar to theoretical values for vacancy-polaron binding energies in TiO2.
30 
 The formation of polarons greatly affects the electron mobility and conduction mechanism 
as reported in experimental and theoretical research on TiO2
30,31 since polarons transport by a 
hopping mechanism. Even though the existence of polarons in Ta2O5 has been postulated based 
on experimental data showing hopping-transport behaviour, 32,33 it has not been reported and 
analysed by theoretical work. Our results show that oxygen vacancies act as deep donors in 
amorphous Ta2O5 and that most carriers are localized at neutral vacancies, but a certain fraction of 
carriers in Ta2O5 form polaronic states at high temperature, which affects their conductivity and 
mobility. The discovery of the stability of polarons in this work provides fundamental insight into 
conduction processes in Ta2O5, which have not been completely understood yet.
34 
 
Figure 3.6: (a) Charge distribution of excess electrons and schematic of the position of defect 
states and electron occupancy for an O vacancy site (VO45) that leads to the formation of spin-
polarized polarons. The two electrons are neither delocalized nor localized at the oxygen 
vacancy site, but instead are localized on Ta ions and form polarons. The two electrons in the 
VO2+ + 2e-polaron case occupy two different eigenstates with the same spin, resulting in a triplet 
state. (b) The computational procedure of generating VO configurations that give rise to the 
VO2+ +2e-polaron case. Two electrons are added to the VO2+ cell and subsequently the atoms are 
relaxed to find the new energy minimum. Reproduced with permission.4 Copyright 2017, 
Royal Society of Chemistry. 
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3.9 Conclusion 
In conclusion, we use predictive atomistic calculations to investigate the thermodynamic, 
electronic, and optical properties of oxygen vacancies in Ta2O5. We found a correlation between 
the stability of oxygen vacancies at a certain site and the contribution of oxygen orbitals from that 
specific site to the charge density of the VBM state. Our calculations provide accurate and 
conclusive evidence that comprehensively explain the microscopic origin of a wide range of defect 
levels reported in various experiments and identify them with oxygen vacancy states. Defect states 
in the range of 0.6-0.8 eV reported in the TSC measurements and the I-V measurement with Poole-
Frenkel conduction mechanism can be identified as thermodynamic transition levels of oxygen 
vacancies in Ta2O5 based on the calculated ionization energy of 0.81 eV. In addition, our 
configuration coordinate diagram indicates that defect levels are located around 1.56 eV below the 
CBM and 2.75 eV above the VBM, which describe consistently the defect states in 
photoconductivity, absorption, and photoluminescence measurements, once the exciton binding 
energy is considered. We show that oxygen vacancies in each oxidation states have totally different 
band structures and charge distributions, and the dominant oxidation state can be controlled with 
the growth conditions. We further show the formation of polarons and their complexes with 
oxygen vacancies, which can further the understanding on physical mechanisms of charge 
transports in Ta2O5. Our results provide fundamental understanding about the nature and 
characteristics of oxygen vacancies and can be applied to tune and optimize the electrical and 
optical properties of Ta2O5 films and the performance of devices. 
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Chapter 4 Charge Transition during Resistive Switching in Oxide-based RRAM devices 
 
4.1 Introduction 
It is challenging to directly observe the temporal CF growth in valence-change memory 
(VCM, commonly referred as oxide-RRAM), normally based on transition metal oxides, because 
the mobile species in VCM cells, oxygen vacancies (VOs), are intrinsic defects and pose significant 
challenges for experimental analysis.1,2 Even though it is generally accepted that resistive 
switching (RS) occurs due to the redistribution of charged oxygen vacancies driven by an external 
electric field, comprehensive atomistic models on internal dynamics of RS processes in oxide 
RRAM have been lacking. Specifically, there appear to be contradictions in the general description 
of the microscopic processes in RS. For example, oxygen vacancies involved in RS are generally 
considered as positively charged (VO
2+) to explain the electric field-driven RS process (i.e., VO
2+ 
drift).3 However, in this case, a strong repulsive electrostatic force between charged oxygen 
vacancies is expected, especially in filaments where the concentration of oxygen vacancy is very 
high. This in turn contradicts the experimentally observed long retention and stability of CFs in 
oxide-based RRAM devices. Developing an atomistic picture that can comprehensively explain 
the internal dynamics of RS in oxide-based RRAM thus becomes critical to improve the 
understanding of the RS processes and guide continued device optimization and application.  
In this work, through predictive atomistic calculations in combination with electrical 
measurements under visible-light illumination, we attempt to understand the interactions between 
oxygen vacancies and the microscopic processes that are required for stable RS in Ta2O5-based 
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RRAM. We propose a model of a series of charge-transition processes during RS that explains the 
drift and aggregation of vacancies. The developed model was validated by experimental 
measurements in illuminated devices in which accelerated RS behaviors and reduced activation 
energy were observed due to light-assisted charge transition. Our results provide comprehensive 
understanding on the internal dynamics of resistive switching in oxide-RRAM and will help guide 
device optimization and applications. 
 
4.2 Methodology 
Computational methods: The equilibrium geometry of the atoms, the total energies, and electronic 
wave functions are obtained using the plane-wave pseudopotential method within the generalized 
gradient approximation (GGA) functional of Perdew, Burke, and Ernzerhof (PBE).4 We used 
projector augmented-wave (PAW)5,6 pseudopotentials as implemented in the Vienna ab-initio 
simulation package (VASP)7,8 with a plane-wave cutoff of 400 eV and included the Ta 
5s25p65d36s2 and O 2s22p4 electrons in the valence.  
The formation energy of defects was calculated by the following equation9: 
    (4.1) 
where 𝐸𝑡𝑜𝑡[𝑋
𝑞] and 𝐸𝑡𝑜𝑡[𝑏𝑢𝑙𝑘] are the total energy of a cell having an a defect with charge 𝑞 and 
a defect-free bulk cell, respectively. The parameters 𝜇𝑖 and 𝜇𝑒 are the chemical potentials of atoms 
which are removed (𝜇𝑖<0) or added (𝜇𝑖>0) and the chemical potential of electron. The 𝐸𝑐𝑜𝑟𝑟 term 
includes the finite-supercell size correction for charged defects10,11 and the electron and chemical 
reservoir corrections for the PBE-based formation energy12. A large supercell consisting of 252 
atoms was employed to investigate a VO dimer with long distance while minimizing artificial 
𝐸𝑓[𝑋𝑞] = 𝐸𝑡𝑜𝑡[𝑋
𝑞] − 𝐸𝑡𝑜𝑡[𝑏𝑢𝑙𝑘] − ∑ 𝑛𝑖𝜇𝑖
𝑖
+ 𝑞𝜇𝑒 + 𝐸𝑐𝑜𝑟𝑟 
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interactions with periodic images in finite-size supercell approach. The binding energy was 
calculated with the PBE functional and a 1×1×3 supercell that allows the distance of a vacancy 
dimer to vary up to 15Å. The supercell used in this work was generated by duplicating an 84-atom 
cell that was verified in our previous work to exhibit consistent electronic and optical properties 
with various experimental data.13,14 
Experimental Methods: Ta2O5-based memristive devices used in this work were fabricated in a 
crossbar structure on a SiO2/Si substrate. The bottom electrode (Pd, 40nm) with an adhesion layer 
(NiCr, 5nm) was deposited by e-beam evaporation and pattered by photolithography and lift-off. 
Then, a tantalum suboxide (TaOx) layer (40nm) was deposited by reactive sputtering using a Ta 
target with a gas flow of Ar/O2 (32.3/1), followed by the deposition of tantalum pentoxide (Ta2O5) 
layer by radio frequency (RF) sputtering using a Ta2O5 ceramic target without breaking vacuum. 
Next, the top electrode (Pd, 10nm) was deposited and patterned as the bottom electrode. Finally, 
reactive ion etching (RIE) process was conducted to etch the oxide layers covering the bottom 
electrode and open the bottom electrode pads. A green-light laser (520 nm) was employed for the 
light-illumination experiment. 
 
4.3 Interaction between Oxygen Vacancies 
The binding energy of oxygen-vacancy pairs (i.e., the difference between the formation 
energy of a vacancy dimer and two isolated vacancies) at different distances, as indicated in Figure 
4.1a, was calculated by the following equation9,15: 
                  (4.2) 
where 𝐸𝑓 is the formation energy of oxygen vacancies (Equation 4.1) and q is their charge state. 
The calculated binding energy as a function of distance between two vacancies is shown in Figure 
𝐸binding(𝑞) = 𝐸
𝑓[𝑉𝑂1
𝑞 +  𝑉𝑂2
𝑞 ] − (𝐸𝑓[𝑉𝑂1
𝑞 ] + 𝐸𝑓[𝑉𝑂2
𝑞 ]) 
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4.1b. First, we found that the binding energy of vacancy pairs in the +2 charge state is positive, 
consistent with previous calculations in TiO2,
15,16  and also increases with decreasing distance, 
indicating the expected strong repulsive interaction between charged vacancies. The repulsive 
energy is inversely proportional to the distance between the charged vacancies (VO
2+s), consistent 
with electrostatic Coulombic repulsion between charged particles. It should be noted that although 
the repulsive interaction between charged vacancies becomes negligible at distances larger than 
~13Å, the estimated distance between oxygen vacancies in CFs is typically much shorter. For 
example, J.Y. Chen et. al reported the O/Ta ratio of ~2:1 in the filament region in amorphous 
Ta2O5 based on the cross-sectional TEM and EDS analysis,
17 which corresponds to a high VO 
concentration with a distance between vacancies of ~5Å. Therefore, a strong repulsive force 
appears between charged VO
2+s for typical concentrations in CFs, preventing vacancies from 
aggregating and forming stable CFs as illustrated in Fig 1c. This contradicts the experimentally 
observed stable CFs in Ta2O5-based RRAM devices with long retention and high VO 
concentration.18,19 
 
Figure 4.1: (a) Atomistic configuration of an amorphous-Ta2O5 supercell used to study the 
interactions of oxygen vacancy pairs with DFT calculations. Tantalum and oxygen atoms are 
represented by gold and red spheres, respectively. The investigated interactions between 
vacancy pairs at different distances are indicated by cyan circles and dashed lines. (b) 
Calculated binding energy of oxygen vacancy pairs as a function of distance. Charged 
vacancies show a strong Coulomb repulsion, while neutral vacancies exhibit a short-range 
attractive interaction. (c) A schematic illustration of the repulsive interaction between 
charged vacancies, preventing their aggregation for the formation of a CF in resistive 
switching, implying the instability of a CF consisting of charged vacancies. 
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On the other hand, our calculations show that neutral oxygen vacancies (VO
0) exhibit a 
short-range attraction with a negative binding energy15,16, as shown in Figure 4.1b. To understand 
the driving force of the attractive interaction between neutral vacancies, we determined the 
localization length of electrons in occupied midgap states induced by neural vacancies. Our results 
show that electrons bound to neutral vacancies are highly localized and their charge density 
decreases exponentially with increasing distance from the vacancy, as shown in Figure 4.2a, with 
a localization length of 4.8 ± 0.7Å. This localization length of neutral vacancies in amorphous 
 
Figure 4.2: (d) Charge-density profile of a neutral oxygen vacancy as a function of the 
distance from the vacancy site, fitted with a decaying exponential function with a 
characteristic decay length of 4.8 ± 0.7Å. Inset: charge distribution of the VO defect state. (e) 
Experimentally measured conductivity of tantalum oxide films of different stoichiometry 
(data from Ref. 20) as a function of distance between vacancies, showing different conduction 
mechanisms (metallic vs. hopping). The transition between the two mechanisms occurs at a 
vacancy distance of ~5Å, which is similar to the size of VO wave function. (f) Charge 
distribution of oxygen vacancy pairs with different distances. Ttop: 2.7Å and bottom: 13.2Å. 
A significant overlap between the two VO orbitals is observed for the short-distance pair, 
leading to hybridization. (g) Energy levels of defect states of an oxygen-vacancy dimer 
(VO1+VO2) and of two isolated vacancies, showing the lowering of two occupied defect states 
due to the hybridization and interaction with the conduction band. The energy levels are 
referenced to the valence band maximum. 
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Ta2O5 is remarkably consistent with the critical VO distance for the transition between metallic and 
hopping conductions in Ta2O5 films and devices. Specifically, we plotted the experimentally 
measured conductivity of tantalum oxide films with different stoichiometry20 as a function of VO 
concentration and correspondingly the VO distance (Figure 4.2b). In the regime of high VO 
concentration (>7×1021 cm-3), the conductivity of Ta2O5 films increases linearly with increasing 
VO concentration while the trend of conductivity below the critical concentration exhibits not a 
linear but an exponential change, indicating metallic and hopping conduction mechanisms in these 
two regimes, respectively.18,21,22 The corresponding critical distance (~5Å) is in very good 
agreement with the calculated localization length in our study, and also agrees with the 
experimentally estimated VO distance in stable CF formation based on EDS analysis
17. These 
agreements reveal the change of the conduction mechanism during RS in Ta2O5 devices. 
Specifically, metallic conduction of the on-state is caused by the continuous overlapping of 
localized electron states induced by VO defects, where the VO distance is shorter than the 
localization length, thus creating electronic conduction paths connecting one electrode to the other. 
VO migration during the reset process reduces the VO concentration and leads to increased VO 
distance, resulting in reduced electron overlap. As a result, electrical conduction in the off-state is 
dominated by the hopping mechanism with a lower conductivity. The short-range attractive 
interaction between neutral vacancies (Figure 4.1b) can be explained by the hybridization of 
overlapping electron states.23,24 The overlap of two electron states localized on different neutral 
oxygen vacancy sites (Figure 4.2c, top panel) gives rise to two mid-gap defect states that are lower 
in energy compared to those of isolated vacancies (Figure 4.2d) The lower-VO level moves 
downward as a result of hybridization between the two defect orbitals,24 while the upper-VO level 
is also pushed down due to repulsion by the conduction band. Consequently, both occupied defect 
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levels become lowered in energy, leading to a negative binding energy and attractive interaction 
at vacancy-vacancy distances shorter than the localization length. This attractive interaction 
facilitates the aggregation of vacancies and the formation of stable CFs with high VO concentration 
during RS.  
 
4.4 Charge-Transition Model 
Even though neutral vacancies can explain the aggregation and the formation of stable CFs, 
their charge neutrality precludes interactions with an electric field and thus the field-driven drift 
as required during the RS. To resolve these contradictions, we consider a series of charge-transition 
processes during the RS process, which enables both the field-driven VO drift and allows stable 
VO aggregation. Figure 4.3a shows a schematic of the proposed charge transition and drift 
processes that result in CF formation/rupture during RS. Note that the formation energy of charged 
 
Figure 4.3: (a) Schematic of charge-transition and migration processes of oxygen vacancies 
in Ta2O5 memristive films. (b) Detailed illustration on the formation of a CF including the 
charge transition processes and ionic migration in a bilayer device. (c) Formation energy of 
an oxygen vacancy (neutral and +2 charged states) in amorphous Ta2O5 as a function of the 
Fermi level. Neutral vacancies near the anode transition to the charged state due to the 
lowered EFermi (A), followed by drift towards the cathode. The charged vacancies convert 
back to the neutral state as they approach the cathode because of the increased EFermi (B). 
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defects (e.g., VO
2+) depends on the Fermi level, and that the formation energy of neutral vacancy 
dimers is within the range of the VO
2+ formation energy when the Fermi level changes from the 
valence band maximum (EV) to the conduction band minimum (EC). As a result, the stable VO 
charge state can change depending on the Fermi level, which is in turn affected by the applied 
voltage during the device operation. For example, the lower Fermi level near the anode stabilizes 
the +2 charge state, while the neutral charge state becomes more stable near the cathode due to the 
elevated Fermi level. Figure 4.3b shows how isolated oxygen vacancies aggregate and form a CF 
during RS, along with the changes of relative stability between neutral and charged vacancies. 
Starting from the neutral charge state, isolated VO
0s become ionized into VO
2+s near the lower-
Fermi-level anode. Then, the charged VO
2+s migrate towards the cathode through the field-driven 
drift process and accumulate there. As more VO
2+s accumulate near the cathode and the VO 
concentration increases, the Fermi level rises, leading to additional charge transition from +2 to 
the neural state (Figure 4.3b). As a result, a stable CF consisting of aggregated VO
0s without 
repulsive interactions is formed. If the applied field is removed without the subsequent charge 
transition process, the formed CF (consisting of VO
2+s) becomes unstable. Therefore, this model 
can explain the experimentally observed excellent retention of Ta2O5-based devices,
19,25 providing 
an atomistic picture on the stability of CFs during RS and design guidelines to achieve desirable 
device properties such as long retention. For example, retention failure can occur when oxygen 
vacancies diffuse out from the CF by overcoming both the migration barrier and the binding energy 
with vacancies inside the CF in which vacancies attract each other. Indeed, the experimentally 
measured activation energy of 1.6eV through retention tests19 is larger than the value of 1.2eV 
determined by profiling oxygen concentration during annealing in which diffusion is due to non-
interacting vacancies.26 This discrepancy can be explained by the increased barrier height due to 
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the attractive interaction energy. Therefore, resistive switching devices with long retention and 
low programming voltage can be achieved by utilizing defects with short-range attractive 
interactions. 
 
4.5 Visible-Light Accelerated Resistive Switching Behaviors 
To test this hypothesis of charge transition of oxygen vacancies during RS in oxide-based 
RRAM, we designed an experiment that employs visible-light illumination to control the VO 
charge state. Specifically, electrons trapped at the mid-gap defect states of VO
0 can be excited into 
the conduction band by light absorption, inducing a charge transition from 0 to +2 state. For 
example, it has been reported that VO migration in SrTiO3 is accelerated by visible-light 
illumination due to the photo-excitation of mid-gap states, where VO
1+s in the form of Ti-VO 
complexes are ionized to VO
2+s with a lower activation energy for ionic migration.27 In our 
experiment, we employed green light (520nm) whose photon energy is larger than the absorption 
energy of oxygen vacancies in Ta2O5 but smaller than the Ta2O5 band gap.
13,14 As a result, the 
characteristics of RS behaviors in Ta2O5-based RRAM devices would be affected by visible-light 
illumination if the charge-transition processes are indeed involved in the RS. Figure 4.4a shows 
the structure of a Ta2O5-based bilayer device used in this work, where a thin (10 nm) top electrode 
(TE) was used to allow light passthrough onto the switching layer. The 10 nm-Pd TE layer is 
indeed transparent to the green light used in this study, and devices with the thin TE are still fully 
functional and show reliable RS characteristics that are almost identical to standard devices with 
thick TE. A device being illuminated by a green-light laser (520 nm) during electrical 
measurements is shown in Figure 4.4a. 
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The effects of light illumination on the RS behavior were first examined in the electro-
forming process. As shown in Figure 4.4b, illuminated devices show a smaller forming voltage at 
which the device conductance abruptly increases from the highly resistive virgin state. For 
example, the average forming voltage for the illuminated devices is -2.3V ± 0.05V, which is 
smaller than that of unilluminated devices, -2.45V ± 0.04V. To more clearly illustrate the light-
induced effects, devices in virgin state were subjected to a low voltage (-2V) stress, where the 
applied voltage is lower than the typical forming voltage, and the current through the devices was 
monitored. Figure 4.4c shows the current evolution for devices with and without light illumination. 
The average current value for the illuminated device is clearly larger than the dark case, as further 
 
Figure 4.4: (a) A schematic of a Ta2O5-based bilayer device structure with thin top electrode 
to enable the light illumination on the switching layer (left). Optical-microscope image of the 
device illuminated by a green-light laser during electrical measurements (right). (b) DC I-V 
characteristics during electro-forming process with and without light illumination. Inset: 
average and standard deviation of forming voltage measured from multiple devices under 
light and dark conditions. (c) Current evolution of as-fabricated devices under constant 
voltage stress (-2V) with and without light illumination. Inset: current level of devices after 
50s under the constant bias. (d) Current evolution of on-state devices under constant erasing 
voltage stress (0.8 V). Inset: current level after 1000s under the constant bias. 
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verified in the inset of Figure 4.4c. In addition, an abrupt drop of resistance, corresponding to the 
electroforming process, occurs only under illumination conditions within our measurement time 
for such a relatively small bias.  
Such behavior of the resistance decrease can be well understood in the picture of VO-
migration from the VO-rich TaOx layer to the VO-poor Ta2O5 layer during the electroforming 
process. Since the Ta2O5 switching layer is much more resistive, the total device resistance is 
determined by the VO concentration in the Ta2O5 layer. As charged oxygen vacancies migrate to 
the switching layer due to field-driven drift under the negative voltage applied to the top electrode, 
the total resistance of the device is reduced over time. Here, the light illumination speeds up the 
injection of charged VO into the switching layer by facilitating the charge transition from VO
0 to 
VO
2+. That is, light absorption converts more neutral vacancies to the +2 charged state, with the 
VO
2+ responding to the applied electric field and migrate into the switching layer, leading to faster 
conductance increase and reduced electroforming voltage. 
The effect of visible-light illumination was further investigated in the RESET process. 
Similarly, a constant voltage (0.8 V), which is lower than the typical RESET voltage, was applied 
to devices with and without light illumination. Prior to this measurement, the devices were 
switched to the LRS with similar resistance under dark conditions. Figure 4.4d shows the change 
of the normalized current over time under a constant positive 0.8 V voltage bias for the illuminated 
and dark cases. Both cases show the degradation of the LRS current over time. However, the 
illuminated devices show much faster decay, followed by an abrupt drop of current that 
corresponds to the breakage of the CF. The inset of Fig 3d shows the average value of current after 
1000s under dark and illuminated conditions from multiple devices, verifying the accelerated 
erasing process under light illumination. The accelerated RESET transition by visible-light 
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illumination observed here is consistent with a previous work in which the electrical conductivity 
and the size of a nanoscale CF (formed by a conductive atomic force microscope (C-AFM) tip) in 
HfO2 became reduced upon white-light illumination.
28  
  The accelerated degradation of the LRS under illumination can also be explained by photo-
induced charge transition from VO
0 to VO
2+. In general, the RESET process is believed to be driven 
by out-diffusion of oxygen vacancies due to Joule heating followed by VO drift that create and 
widens a VO-depleted gap.
3 However, the applied bias in this measurement itself is not large 
enough to cause neither diffusion nor drift, and thus no significant loss of VOs from the CF. This 
is consistent with the slow degradation observed under dark conditions. On the contrary, light 
illumination leads to photo-excitation of trapped electrons at the mid-gap states of VO
0s. As a 
result, the aggregated VO
0s constituting the CF are transited to VO
2+s that experience strong 
repulsive interactions, thus accelerating the migration of the vacancies and deteriorating the 
stability of the CF. Additionally, the light-assisted charge transition to the +2 state causes 
vacancies to respond to the applied electric field and enables VO drift. Therefore, the observed 
faster decay under light illumination further supports our model of the dynamic RS involving the 
charge transition processes.  
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4.6 Transient Current Measurement 
Additionally, the activation energies of ionic processes including ion migration and charge 
transition were experimentally determined through a transient current measurement.29,30 Under 
constant positive bias, the as-fabricated devices exhibited transient current peaks as shown in 
Figure 4.5a. The positions of transient current peaks can be fitted with the Arrhenius equation, as 
shown in Figure 4.5b. We found that illuminated devices exhibit lower activation energy (0.42eV) 
than unilluminated devices (0.64eV), consistent with our experimental results showing light-
induced accelerated RS behaviors (Figure 4.4). Specifically, since the charge transition from the 
 
Figure 4.5: (a) I-t characteristics of as-fabricated devices under constant positive bias with 
light illumination at different temperature, showing transient current peaks (b) Arrhenius 
plot of the transient current peaks, showing lower activation energy under illumination. (c) 
Simulated I-t characteristics showing a transient current peak. Inset: Arrhenius plot of the 
current peaks simulated at different temperature. The activation energy determined from 
this plot is identical to the defined migration barrier in the numerical simulation setup. (d) 
Simulated VO concentration profiles at each stage indicated in Figure 4.5c. The conductive 
region initially expands and subsequently contracts, leading to the current peak. 
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neutral to the +2 state is facilitated by light absorption, vacancies in an illuminated device are in 
the charged state and the estimated value from the transient current measurement is the activation 
energy for the migration of charged VO
2+. Indeed, the experimentally estimated value of the 
activation energy under light illumination is in very good agreement with the theoretically 
calculated migration barrier of VO
2+ in Ta2O5 (~0.4eV)
31, supporting the charge-transition model. 
On the other hand, the activation energy measured under dark conditions corresponds to the 
charge-transition process, since this process dominates during the measurement of VO
2+ drift. We 
noted that the ionization energy of oxygen vacancy (0.6-0.8eV)14,32,33 is indeed consistent with our 
experimental value.  
An analytic model that reveals the relation between the peak position from the transient 
current measurements and the activation energy was developed as described in Equation (4.3): 
𝑇
𝜏
= 𝛼𝐷0 exp (−
𝐸𝑎
𝑘𝑇
) ,   where 𝛼 =
𝑞𝐸
𝑥𝑐𝑘
                                                                      (4.3) 
where 𝑇, 𝐷0 , 𝐸𝑎 , 𝑥𝑐 , 𝑘 , and 𝑞  are temperature, the preexponential constant and the activation 
energy of VO diffusion, the farthest position (from the interface) that has the critical VO 
concentration, Boltzmann’s constant, and the charge of the oxygen vacancy, respectively. Here, 
the position of transient current peak (𝜏) was determined as the time at which the time derivative 
of the VO concentration becomes zero, and thus diffusion and drift fluxes become equal with 
opposite sign, leading to either expansion or reduction of the conductive region. This analytic 
model was confirmed through numerical simulations in which the electronic continuity equation, 
the ionic drift/diffusion equation, and the Fourier equation for Joule heating are self-consistently 
solved.3 With a simulation cell including VO-rich and VO-poor switching layers, a transient current 
peak was indeed observed under constant bias, as shown in Figure 4.5c. The activation energy 
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determined from the peak positions is identical with the set value for ionic migration barrier in this 
simulation (Figure 4.5c inset).   
Figure 4.5d shows the concentration profile at each stage during the transient current 
measurement. In the beginning, diffusion is dominant due to the large VO concentration gradient, 
leading to the motion of the boundary at which the VO concentration is equal to the critical value 
towards the right, and thus to the expansion of the conductive region. The length of the conductive 
region is maximized when the diffusion and drift fluxes become equal, corresponding to the current 
peak (red circle in Figure 4.5c). Subsequently, with decreasing current the boundary starts to move 
towards the left, resulting in the transient current peak related to the activation energy of VO 
migration as observed in the experiment and numerical simulation. 
 
4.7 Conclusion 
In summary, we show that positively charged oxygen vacancies (VO
2+) in Ta2O5 experience 
strong mutual repulsion due to electrostatic Coulomb interaction, whereas neutral vacancies 
exhibit a short-range attractive force that facilitates aggregation to form a conductive filament. 
Neutral vacancies, however, do not drift in an applied electric field. We therefore believe a series 
of charge-transition processes need to occur to consistently explain both the aggregation and the 
field-driven drift of oxygen vacancies during RS. Our proposed model is supported by experiments 
under visible-light illumination. Specifically, memristor devices exhibit accelerated switching 
processes under illumination due to the light-assisted charge transition of oxygen vacancies, 
supporting the charge-transition model. Furthermore, we experimentally determined the activation 
energies of the charge transition and the VO-migration processes based on the transient current 
measurement. Illuminated devices show a lower activation energy, with an experimentally 
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estimated value in good agreement with the calculated migration barrier of charge vacancies 
(VO
2+). Additionally, we developed an analytic model verifying the relation between the transient 
current peak position and the activation energy, which is further supported by numerical 
simulations. 
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Chapter 5 Tuning Ionic Transport in Memristive Devices by Graphene with Engineered 
Nanopores 
 
5.1 Introduction 
As discussed in Chapters 1-4, the operations of memristors are based on internal atomic 
arrangements, e.g. migration and aggregation of oxygen vacancies (VOs) that lead to the formation 
and rupture of filaments. In a standard memristor structure, however, the migration of oxygen 
vacancies is not well controlled.1,2 For example, in a typical device an oxygen-deficient layer 
serving as the VO supply and a near-stoichiometric, oxygen-rich layer serving as the switching 
layer are simply stacked on top of each other.3,4 In this structure, oxygen ions (and correspondingly, 
VOs) can migrate across the whole device area, leading to global injection of VOs into the switching 
layer and causing several undesirable effects. First, the global VO injection to the switching layer 
can lead to undesirably large leakage current in the switching layer and high operating currents. 
Second, the position and size of the CFs are random in each device and are determined mainly by 
film inhomogeneity, leading to large device-to-device and cycle-to-cycle variability issues. 
Finally, the over-injection of VOs into the switching layer, if not controlled carefully (e.g., through 
an external current compliance), can quickly lead to device failure in the form of stuck-at-1 (SA1) 
states since the over-supply of VOs through the interface can lead to over-growth of the filament 
which becomes very difficult or impossible to reset. 
In this study5, we show that by inserting a graphene film (monolayer or multiple layer 
graphene) as an ion-blocking layer, ion migration that drives RS can be strongly modulated. 
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Furthermore, by selectively creating nanoscale openings with controlled sizes in the graphene ion-
blocking layer, oxygen ions only selectively move through the engineered nanopores thus enabling 
systematic tuning of RS behaviors in a typical oxide-based memristor. Specifically, the operation 
current and RESET current levels are reduced, and more reliable device operation can be obtained 
in the graphene-inserted devices by preventing the over-injection of oxygen vacancies that results 
in SA1 issues. Extensive material analysis studies, including TEM and EDS, were employed to 
unambitiously verify the effects of graphene in resistive switching memory devices. The 
experimental findings were further supported by first-principles calculations of oxygen ion 
migration through nanoscale openings in graphene, confirming the role of graphene during RS at 
the atomic level. Finally, we show that reliable forming-free devices can be achieved in graphene-
inserted devices after an annealing process, by promoting local ion diffusion only though 
engineered nanopores in the graphene layer that seeds controlled growth of filaments. 
 
5.2 Methodology 
Device fabrication. The Ta2O5-based memristive devices used in this work were fabricated in a 
crossbar structure on a SiO2 (100 nm)/Si substrate. The bottom Pd electrode (40 nm) with an 
adhesion layer of NiCr (5nm) was deposited and patterned with widths of 1-5 µm by e-beam 
evaporation (Cooke evaporator), photolithography (GCA AS200 Autostep), and lift-off processes. 
Next, the Ta2O5 layer (2-10 nm) was deposited by radio-frequency (RF) sputtering using a Ta2O5 
ceramic target at room temperature. Monolayer graphene films grown on copper foil by chemical 
vapor deposition (CVD) were transferred onto the oxide layer using a standard PMMA-etchant 
method and patterned through photolithography and O2 plasma etching. The top Ta/Pd electrode 
layers (40/20 nm) were deposited by direct current (DC) sputtering and e-beam evaporation, 
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respectively, followed by patterning process. Lastly, the bottom electrode pads were opened by 
etching the oxide layer through a reactive ion etching (RIE) process using SF6/Ar.  
Electrical measurements. A Keithely 4200 semiconductor characterization system and a custom-
built electrical measurement system were used for the electrical measurements inside a probe 
station at ambient conditions. The bias voltage was applied to the TE with the BE being grounded. 
TEM and EDS. Cross-sectional TEM samples were prepared by the standard lift-out process using 
a focus-ion beam system (FEI NOVA 200 NanoLab). TEM analysis was performed in the scanning 
mode (STEM) using a probe-corrected JEOL 2100F transmission electron microscope equipped 
with a EDS system.  
Computational simulation. First-principles computational calculations were carried out based on 
density functional theory (DFT) using the Vienna ab initio simulation package (VASP). 30-32 The 
amorphous-Ta2O5 structures were generated by the melt and quench method as described in our 
previous work.33 Atomic interaction and transport were simulated via first-principles molecular-
dynamics (MD) simulations with the VASP code with a time step of 2 fs at a constant-temperature 
of 2500K.  
 
5.3 Monolayer Graphene-inserted Memristor with Intrinsic pores 
Graphene has recently been explored as an ion-blocking layer to control the ionic transport 
at nanoscale due to its extraordinary chemical and physical properties. Even though graphene is a 
single layer of carbon, it has been reported that monolayer graphene can completely block the 
penetration of ions and molecules due to its excellent impermeability.6,7 In addition, graphene 
membranes with pores have shown promising results as size-selective barriers for water and gas 
purification, DNA sequencing, and single-molecule detectors where the desired particles can only 
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transport through pores in the graphene layer.7-10 Graphene and amorphous carbon films have also 
been shown recently to be able to block ion migration in RS devices11,12, although the effects were 
not systematically studied and the use of nanopores to modulate RS behaviors have not been 
experimentally attempted.  
We examine how graphene films can be used to modulate RS switching behaviors and in 
particular how the RS effects can be controlled through engineered nanopores in graphene. Figure 
5.1a shows the schematic of the memristive devices used in this work with a Ta/graphene/Ta2O5 
 
Figure 5.1: (a) Schematic of the graphene-inserted memristor structure where oxygen ions 
only transport through a nanopore created in the graphene layer, forming a CF with oxygen 
vacancies. (b) Top-view SEM image of the Ta/G/Ta2O5 device in a crossbar structure. Scale 
bar: 1 µm (c) Resistive switching I-V characteristic of the Ta/Ta2O5 and Ta/G/Ta2O5 devices 
(inset: log-scale). (d) Current levels in LRS (upper panel) and HRS (lower panel) of the 
Ta/Ta2O5 and Ta/G/Ta2O5 devices, showing the reduced operating current in the graphene-
inserted devices and tighter variability control. The read voltage is 0.2 V. (e) I-V 
characteristic during the forming process of the as-fabricated Ta/Ta2O5 and Ta/G/Ta2O5 
devices and a control device with an inert Pd top electrode. The resistance of the Ta/G/Ta2O5 
device in the virgin state is similar to that of the Pd/Ta2O5 device, rather than the Ta/Ta2O5 
device. (f) Distribution of the initial virgin sate current and the forming voltage for the 
Ta/Ta2O5 and Ta/G/Ta2O5 devices. The Ta/G/Ta2O5 devices are ~4 orders of magnitude more 
resistive than the Ta/Ta2O5 devices in the virgin state. The read voltage is 0.5 V. Reproduced 
with permission.5 Copyright 2016, American Chemical Society. 
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(Ta/G/Ta2O5) structure to study the effects of graphene on ionic transport and chemical reactions 
during resistive switching. In a conventional device consisting of a Ta/Ta2O5 structure, the thin 
Ta2O5 switching layer (5 nm used in this study) is sandwiched between an inert Pd bottom 
electrode (BE) and a reactive Ta top electrode (TE) where the Ta film also acts as an oxygen ion 
getting layer. It is widely known that spontaneous intermixing can occur at an interface between 
an oxide and a reactive metal electrode, such as Ti, Al, and Ta, due to the high reactivity of the 
metal layer. 4,13,14 This chemical interaction results in transport of oxygen ions (O2-) from the oxide 
layer into the metal layer, and correspondingly the injection of VOs into the oxide. Since the 
characteristics of resistive switching and the formation/rupture of conductive filaments are 
fundamentally driven by the generation, dissolution, and redistribution of VOs in the switching 
layer, by inserting a graphene layer at the interface between the reactive Ta and the Ta2O5 
switching layer in the Ta/G/Ta2O5 structure the ionic transport and redox reaction processes during 
resistive switching can be strongly affected, leading to selectively modified RS characteristics. 
Devices based on the Ta/G/Ta2O5 structure were fabricated in a crossbar structure, shown in Figure 
5.1b, and extensively tested along with control devices based on the conventional Ta/Ta2O5 
structure. Indeed, devices with even a monolayer graphene (Ta/G/Ta2O5 devices) exhibit 
significant and desirable changes in the I-V characteristics during RS compared with conventional 
Ta/Ta2O5 devices. First, the current levels of both the high resistance state (HRS) and the low 
resistance state (LRS) become lower in the (monolayer) graphene-inserted Ta/G/Ta2O5 devices, as 
shown in Figure 5.1c and 1d. While a typical Ta/Ta2O5 device requires ~4mA programming and 
RESET currents, the programming and RESET currents in a typical Ta/G/Ta2O5 device are 
reduced to ~0.6mA.  Additionally, smaller standard deviations for the HRS/LRS currents in the 
Ta/G/Ta2O5 devices indicate the improved device-to-device uniformity (Figure 5.1d). 
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Additionally, more reliable device operation can be obtained in the graphene-inserted devices. For 
example, only a small percentage of Ta/Ta2O5 control devices (10-20%) showed repeatable RS 
behaviors without current compliance, while most devices became shorted and could not be erased 
either after the forming process or within the first a few cycles if a carefully designed current 
compliance was not applied. On the other hand, most Ta/G/Ta2O5 devices (80-90%) exhibited 
reliable switching without SA1 failure even without current compliance during the measurements, 
suggesting robust RS characteristics. 
The effects of graphene can be more clearly observed in the initial state and during the 
forming process, as shown in Figures 5.1e-f. As seen in Figure 5.1e, the as-fabricated Ta/G/Ta2O5 
device exhibits much lower conductance than the Ta/Ta2O5 device in the pre-forming, virgin state. 
In fact, the resistance of the Ta/G/Ta2O5 device in virgin state is almost identical to that of a 
Pd/Ta2O5 control device (purple line) and is 4 orders of magnitude higher than that of the Ta/Ta2O5 
device. The forming voltage also increases from ~ 1V for the Ta/Ta2O5 to ~ 3V for the Ta/G/Ta2O5 
device, as shown in Figure 5.1f. On the other hand, the Pd/Ta2O5 control device cannot be reliably 
formed and continued increase in forming voltage leads to hard breakdown effects instead of 
repeatable RS behaviors.  
These different behaviors may be explained by the suppressed ion intermixing at the 
Ta/Ta2O5 interface due to the inserted graphene layer. In the Ta/Ta2O5 structure, VOs generated in 
the Ta2O5 layer introduce defect levels within the forbidden gap of the oxide and contribute to 
increased leakage current in the film,15 which can explain the higher initial conductance of the 
Ta/Ta2O5 device compared with the Pd/Ta2O5 device, where the lack of a reactive electrode 
prevents the formation of VOs in the Ta2O5 layer. By inserting a graphene layer in the Ta/G/Ta2O5 
device structure, the migration of oxygen ions into the Ta layer can be effectively blocked due to 
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the excellent impermeability of graphene, thereby suppressing the formation of oxygen vacancies 
in the switching layer through the interface. This hypothesis is consistent with the experimental 
results shown in Figure 5.1e, which shows that even with a reactive Ta electrode, the virgin-state 
resistance of the graphene-inserted device is similar to that of the device with an inert Pd electrode, 
rather than that of the Ta/Ta2O5 device. Additional tests on devices with different Ta2O5 layer 
 
Figure 5.2: Characterization of the native and engineered nanopores in graphene layer. (a) 
Electron diffraction pattern of a transferred graphene film on TEM grid, where 6-fold 
symmetry of graphene is clearly visible. (b) TEM dark-field images showing several native 
nanopores in the transferred graphene film. Scale bar is 10 nm. (c) SEM image of a 
transferred graphene film on SiO2/Si substrate. Scale bar is 2 µm. (d) SEM image of arrays 
of engineered nanopores created on the transferred graphene layer on the silicon oxide layer. 
Well-formed nanopores with designed size (50 – 400 nm) and locations can be clearly 
observed. The smallest nanopore (25nm) could not be observed by SEM due to the limit of 
resolution. Scar bar is 500 nm. Reproduced with permission.5 Copyright 2016, American 
Chemical Society. 
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thicknesses further prove that the current through these devices in the virgin state is dominated by 
the bulk resistance of the Ta2O5 film, instead of interfacial effects.  
The Ta/G/Ta2O5 devices show reduced current levels during RS, which may be explained 
by the formation of smaller or fewer CFs compared to the Ta/Ta2O5 devices. During SET, a 
positive voltage is applied on the Ta TE that attracts oxygen ions from and moves oxygen 
vacancies into the Ta2O5 layer. The accumulation of VOs lead to the formation of VO-rich CFs and 
the eventual switching of the device from the HRS to the LRS.16 The reverse process occurs during 
RESET. When a graphene layer is inserted between the Ta TE and the Ta2O5 switching layer, 
oxygen ionic transport is only possible through holes (openings) in the graphene layer. It has been 
reported that native defects in the form of nanopores exist in CVD-grown graphene with pore size 
of ~10 nm and density of ~1 pore/µm3,17 The existence of such native pores was indeed confirmed 
in the graphene film used in this study (Figure 5.2b). With a device size of 2 × 2 µm2, we expect 
to have only a few nanopores on average in a single device, where oxygen ion migration between 
the Ta and Ta2O5 layers only takes place through the nanopores. As a result, the CFs can only grow 
from the nanopore regions and the size and position of the CFs will be determined by the size and 
position of the nanopores. Additionally, this local seeding effect further prevents over-injection of 
VOs into the switching layer and can explain the improved reliability in the Ta/G/Ta2O5 devices. 
In the conventional structure without the graphene ion-blocking layer, VOs can be injected into the 
Ta2O5 switching layer across the whole Ta/Ta2O5 interface and flood the switching layer. As a 
result, very thick CFs can be formed due to the injection of excess VOs, making it difficult or 
impossible to RESET the device and causing the device to be stuck at the LRS unless a careful 
feedback mechanism such as current compliance during programming is implemented. By limiting 
the ion injection only at the localized openings through the graphene layer, the over injection 
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problem can be effectively mitigated resulting in more reliable device operations in the 
Ta/G/Ta2O5 devices.  
5.4 Multilayer Graphene-inserted Memristor with Engineered Nanopores 
To further test our hypothesis on the role of graphene as ion-blocking layer and the effects 
of local-seeding through nanopores, we fabricated Ta/G/Ta2O5 devices with multilayer graphene 
(MLG) stacks through a multiple graphene-transfer process. By transferring the graphene layer 
multiple times (e.g., 3 times used in this study), we expect the native nanopores in the graphene 
layer to be completely blocked since the nanopores occur randomly and there is no position registry 
between nanopores in different layers during the transfer process. As a result, ion intermixing and 
ionic transport should be blocked completely in the Ta/MLG/Ta2O5 devices. Indeed, such devices 
cannot be successfully formed and RS behavior cannot be observed even at bias voltages up to 5 
V and further increasing the forming voltage only leads to hard breakdown effects and SA1 
failures. Ta/MLG/Ta2O5 devices with controlled artificial nanopores were then fabricated by 
creating holes in the transferred MLG layer via e-beam lithography and oxygen plasma etching, 
where the size of the openings was controlled to be 25 nm – 400 nm in diameter in different devices 
(Figure 5.2c). Significantly, with this approach, we can selectively create 1 artificial nanopore in 
one device, with controlled nanopore size. Figure 5.3a shows the initial current of the 
Ta/MLG/Ta2O5 devices with different nanopore sizes (with 1 nanopore per device) and control 
samples without engineered nanopores and Pd/Ta2O5 devices. In general, the MLG devices show 
an increase in current in the virgin state as the size of the nanopore is increased, consistent with 
our hypothesis that oxygen ion transport and intermixing only occur through the engineered 
nanopore in the device, where the pre-forming conductance is dependent on the intermixing area.   
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Figure 5.3: (a) Virgin state currents of the Ta/MLG/Ta2O5 devices having different sized 
nanopores (holes) created in the graphene layer, along with results from control samples 
having Ta and Pd top electrodes without the graphene layer. (b) Resistive switching I-V 
characteristic of the Ta/MLG/Ta2O5 devices with different sized nanopores fabricated in the 
graphene layer, showing that the switching characteristics can be systematically tuned by 
graphene with nanopores. (c) Current levels in LRS and (d) HRS of the graphene-inserted 
devices with different nanopore sizes. Read voltage is 0.2 V. (e-h) Schematic illustration of 
the spontaneous intermixing between the Ta and Ta2O5 layers in the in the Ta/Ta2O5 (e), 
Ta/MLG/Ta2O5 (f), and Ta/MLG/Ta2O5 with small/large nanopore (g,h), showing the fully 
consumed oxide by the intermixing, the complete blocking by the MLG, and the localized 
ionic transport induced by nanopore in the MLG, respectively. (i, j) Schematic illustration 
of the formation of CF in the MLG-inserted devices with nanopores where the size of CF is 
limited by the nanopore. Reproduced with permission.5 Copyright 2016, American Chemical 
Society. 
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This trend is not obvious for devices with the smallest nanopores (25 nm and 50 nm diameters) 
which show similar virgin state conductance as the control samples without engineered nanopores.  
This effect can be explained by the fact that the opening area in these devices is too small 
to allow extensive intermixing at virgin state, and the resistance of the device is dominated by the 
bulk resistance of the Ta2O5 switching layer, as in the case of the device without engineered 
nanopores. More importantly, systematically different RS behaviors are observed in the 
Ta/MLG/Ta2O5 devices with different artificial nanopore sizes, as shown in Figure 5.3b, with 
smaller pore sizes leading to lower programming current and higher LRS resistance. Figure 5.3c 
shows the LRS conductance (measured at a read voltage of 0.2 V) vs. the engineered nanopore 
size, and an approximately linear relationship can be obtained.  
This effect again can be explained by the locally seeded growth of CF in graphene-inserted 
devices, as schematically shown in Figure 5.3e-j. Without the ion-blocking layer, oxygen ions can 
diffuse across the Ta/Ta2O5 interface throughout the device area and lead to high leakage current 
at the virgin state due to over-injection and SA1 failure (Figure 5.3e). By inserting MLG which 
completely blocks ion migration, VOs cannot be generated in the Ta2O5 layer and the device cannot 
be formed and switched (Figure 5.3f). By creating an artificial nanopore in the MLG ion blocking 
layer, VOs can be injected only locally through the nanopore, leading to more controlled VO 
migration and suppressed leakage current in the virgin state (Figure 5.3g) and controlled filament 
growth during SET (Figure 5.3i). By increasing the nanopore size, both the leakage current in the 
virgin state (Figure 5.3h) and the filament size (Figure 5.3j) are increased due to increased oxygen 
ion diffusion through the increased opening at the Ta/Ta2O5 interface. The trend is not as clear in 
HRS (Figure 5.3d) which is more strongly affected by the bulk properties of the switching layer, 
although the devices with the smallest engineered nanopore size (25 nm) still showed the highest 
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HRS resistance. In addition, the MLG-inserted devices with artificial nanopores showed much 
smaller variation in the forming voltage and the virgin-state currents (Figure 5.3a) compared to the 
Ta/G/Ta2O5 devices using native nanopores (Figure 5.1f), indicating the improved controllability 
in engineered nanopore devices since the number of nanopores and pore size are randomly 
distributed in the native nanopore-based devices. Compared with standard Ta/Ta2O5 devices, the 
MLG-inserted device with the engineered nanopore showed better switching uniformity with 
lower operating currents for both the HRS and the LRS, again consistent with our explanation that 
the inserted-graphene with nanopores can reduce operating currents by confining the filament size 
with local injection of VOs and also improve cycle-to-cycle uniformity by controlling the location 
of the filament. (Figure 5.4). 
The LRS/HRS current levels of the MLG-inserted device with an engineered 25 nm 
nanopore are similar to those of the monolayer graphene-inserted devices without artificial pores, 
indicating that the total area of the intrinsic nanopores in the monolayer graphene film is 
comparable to that of a 25 nm diameter pore, which is consistent with the estimated native pore 
size discussed earlier17. The non-uniformity induced by intrinsic nanopores in the monolayer 
 
Figure 5.4: Endurance test of the Ta/Ta2O5 and Ta/MLG:nanopore/Ta2O5 devices for the 
HRS (a) and the LRS (b). (inset: the LRS current in enlarged scale) Reproduced with 
permission.5 Copyright 2016, American Chemical Society. 
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graphene case was examined by measuring the properties of devices with different electrode sizes, 
and the density of native nanopores was roughly estimated to be 1 nanopore per a few square 
micrometers. When the size of the artificial nanopore becomes too large, such as in the 200 and 
400 nm diameter cases, the devices easily become stuck at the LRS and cannot be RESET, similar 
to results from the Ta/Ta2O5 control samples, as the large openings at the Ta/Ta2O5 interface are 
no longer efficient in preventing the over-injection of oxygen ions and the devices behave similarly 
to the conventional structure. We believe future studies should be based on engineered nanopores 
with even small pore sizes (e.g. < 10 nm) using more advanced fabrication techniques18 to allow 
continued optimization in aggressively scaled devices. Additionally, continued optimization of the 
switching layer (e.g. the Ta2O5) layer itself remains an important topic. By controlling both the ion 
injection process using techniques discussed here and the filament growth process through 
switching layer optimizations, more uniform switching with desired switching characteristics 
including power, on/off ration can be obtained. 
 
5.5 Microscopic and Spectroscopic Analysis on the Role of the Graphene Layer 
To directly verify the effects of graphene on ionic transport at the Ta/Ta2O5 interface, 
transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) studies 
were carried out. To exclude the effects of intrinsic holes and cracks and to make the layers more 
visible in the cross-sectional elemental analysis, monolayer graphene was transferred several times 
(typically ~3) to achieve a multilayer graphene (MLG) stack that can completely block the oxygen 
ionic transport and intermixing at the Ta/Ta2O5 interface. A cross-section of the sample was then 
obtained for TEM analysis. The MLG layer in the Ta/MLG/Ta2O5 sample can be clearly identified 
between the Ta and Ta2O5 layers in the scanning TEM (STEM) annular dark-field (ADF) and 
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bright-field (BF) images (Figure 5.5d and h, respectively) compared to the Ta/Ta2O5 samples 
(Figure 5.5a and g, respectively). Figures 5.5b-c and e-f show the elemental mapping of Ta, Pd, 
and O elements and their intensity profiles from EDS measurements for the Ta/Ta2O5 and 
 
Figure 5.5: (a-f) Cross-sectional STEM dark-field images (a, d) and EDS elemental mapping 
of Ta (red), O (green), and Pd (blue) elements (b, e) in the Ta/Ta2O5 and Ta/MLG/Ta2O5 
structure (scale bar: 10 nm), respectively, where the oxide layer is clearly separated from the 
reactive Ta electrode only in the graphene-inserted structure. Intensity profiles of Ta, O, and 
Pd elements along the vertical direction in the Ta/Ta2O5 (c) and Ta/MLG/Ta2O5 (f) structures. 
A Ta signal peak is not discernable in the oxide layer region for the Ta/Ta2O5 structure, 
indicating the intermixing between the Ta and Ta2O5 layers. (g, h) High-resolution STEM 
bright-field images of the Ta/Ta2O5 (g) and Ta/MLG/Ta2O5 (h) devices. (i) Oxygen EDS 
profiles along the vertical direction for the Ta/Ta2O5 and Ta/MLG/Ta2O5 devices. A narrower 
oxygen distribution is observed in the Ta/G/Ta2O5 case. Reproduced with permission.5 
Copyright 2016, American Chemical Society. 
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Ta/MLG/Ta2O5 samples, respectively, where the profiles were obtained by summing up signals of 
each elements along the direction parallel to interface. In the Ta/Ta2O5 sample, the thin Ta2O5 layer 
cannot be clearly distinguished from the Ta electrode in the elemental mapping image, and the 
profile of Ta increases continuously from the substrate to the Ta layer without forming a peak for 
the oxide layer (Figure 5.5c), suggesting the spontaneous intermixing between the Ta and Ta2O5 
layers. However, in the MLG-inserted sample the Ta2O5 layer can be distinctly separated from the 
Ta electrode in the elemental mapping image, as shown in Figure 5.5e. There is an apparent gap, 
consisting of C atoms and corresponding to the graphene layer, between the Ta and Ta2O5 layers , 
and a Ta concentration peak can be observed in Figure 5.5f corresponding to a well-defined Ta2O5 
oxide layer, in contrast to the Ta/Ta2O5 case (Figure 5.5c). Figure 5.5i shows the profile of the 
oxygen signal in the Ta2O5 layer for both samples. The oxygen profile can be fitted with a Gaussian 
curve in both cases, where the Ta/Ta2O5 sample shows a much wider distribution of oxygen with 
a full width half maximum (FWHM) of 7.1 nm compared to the Ta/MLG/Ta2O5 case with a 
FWHM of 4.8 nm. Overall the EDS data unambiguously support our hypothesis that graphene can 
block the oxygen ion migration and intermixing at the interface, and thereby, enabling the 
modulation of oxygen ion transport from the oxide layer into the metal layer. 
 
5.6 Atomistic Simulations on Ionic Transport 
Atomistic-level simulations based on first-principles molecular dynamics (MD) were 
further performed to verify that ion transport occurs only locally through nanopores in the 
graphene layer. Figure 5.6a shows the atomic configurations of the three cells used in this 
simulation: Ta/Ta2O5, Ta/G/Ta2O5, and Ta/G:nanopore/Ta2O5 where crystal bcc-Ta and 
amorphous-Ta2O5 structures were used (see Methods). To speed up the ion diffusion which 
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exponentially depends on temperature according to the Arrhenius relation and observe noticeable 
ion migrations within the limited simulation time of first-principles MD, the trajectories of ions 
were simulated at a high temperature below the melting point of Ta for 12 picoseconds and the 
final atomic configurations are shown in figure 5.6b. Figure 5.6c shows the concentration profiles 
of Ta, O, and C atoms along the direction perpendicular to the film interfaces for the initial and 
final states for the three cells. Noticeable diffusion of oxygen ions from the oxide to the Ta metal 
layer is observed at the Ta-side of the interface in the Ta/Ta2O5 cell. In addition, the intermixing 
due to the exchange of Ta and O ions between the two layers can be seen over the whole device 
 
Figure 5.6: (a) Atomistic configurations of the three cells used in first-principles MD 
simulations: Ta/Ta2O5 (left), Ta/G/Ta2O5 (center), and Ta/G:nanopore/Ta2O5 (right) where 
crystal bcc-Ta and amorphous-Ta2O5 structures are employed. Ta, O, C, and H atoms are 
colored in gold, red, brown, and soft purple, respectively. (b) Final atomic configurations 
after 12 ps at 2500 K. In the Ta/Ta2O5 cell (left) there is clear intermixing at the interface 
between the Ta and Ta2O5 layers, causing the distorted arrangement of the crystalline Ta 
layer.  In the Ta/G/Ta2O5 cell (center) the two layers are still distinctly separated by the 
inserted-graphene without any observed intermixing or chemical reactions due to 
graphene’s excellent impermeability and chemical stability. In the Ta/G:nanopore/Ta2O5 
case (right), transport of oxygen ions is limited and only takes place through the nanopore. 
(c) Atomic concentrations of Ta, O and C in the three cells before and after annealing. A 
significant increase in oxygen concentration in the Ta layer can be observed in the Ta/Ta2O5 
case after annealing, while a smaller increase is observed in the Ta/G:nanopore/Ta2O5 case  
and no increase is observed in the Ta/G/Ta2O5 case. Reproduced with permission.5 Copyright 
2016, American Chemical Society. 
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area at the interface, consistent with our TEM and EDS results and also a recent report on the 
possibility of Ta cation motion.23 In contrast, no intermixing and no ion transport across the 
interface were observed in the Ta/G/Ta2O5 cell where the metal and the oxide layers are clearly 
separated by graphene, verifying that oxygen ions cannot pass through the defect-free graphene 
film within our simulation time. When nanopores (openings) are created in the graphene layer, 
transport of oxygen ions into the metal layer can be observed again, confirming our local seeding 
hypothesis. These simulation results indicate that ion-transport can be controlled by nanopores in 
graphene, thus limiting the amount of oxygen vacancies injected in the resistive switching layer 
and modifying the RS behaviors in oxide memristive devices. 
 
5.7 Electroforming-free Behavior 
Finally, the effects of graphene on ion migration were further examined experimentally by 
annealing samples at a high temperature (300°C). Figure 5.7a shows the virgin state device 
resistance before and after annealing for different annealing times, for both Ta/Ta2O5 devices and 
Ta/G/Ta2O5 devices where a monolayer graphene is used in the Ta/G/Ta2O5 devices.  Both types 
of devices show a decrease of the virgin state resistance with annealing time, indicating the 
diffusion of oxygen ions into the Ta layer during annealing and the injection of VOs into the Ta2O5 
layer causing increased leakage current in the Ta2O5 layer. However, the resistance of the Ta/Ta2O5 
devices decreases drastically and becomes very conductive with a virgin state resistance of only a 
few hundred Ohms after just a short annealing time; while the virgin state resistance for the 
graphene-inserted devices decreases much slowly during annealing. Such behaviors are consistent 
with our explanations on the role of graphene as the ion-blocking layer and the locally-allowed 
diffusion paths (in this case native nanopores) through the graphene layer. Unlike the Ta/Ta2O5 
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structure where the diffusion of oxygen ions and the consequent formation of oxygen vacancies 
happen globally across the interface, the formation of oxygen vacancies at the interface is limited 
in the Ta/G/Ta2O5 device. In this case, both the vertical diffusion through the graphene layer and 
the lateral diffusion afterwards inside the Ta2O5 switching layer can contribute to the slow change 
in the device conductance, schematically shown in figure 5.7e. It should be noted that annealing 
devices with a reactive layer can lead to forming-free RS behaviors since the ability to generate 
 
Figure 5.7: (a) Virgin-state resistance as a function of annealing time for devices with and 
without graphene. (b) Resistive switching I-V characteristic of the annealed Ta/G/Ta2O5 
device, showing forming-free behavior. (inset: reset failure of the conventional Ta/Ta2O5 
device after annealing.) (c) HRS (left) and LRS (right) current distribution before and after 
annealing for the Ta/Ta2O5 and Ta/G/Ta2O5 devices. No significant changes were observed in 
the Ta/G/Ta2O5 devices compared, while the HRS current is significantly increased for the 
Ta/Ta2O5 devices after annealing. (d, e) Schematic illustrations of the oxygen ion diffusion 
and the accompanying VO injection processes for the Ta/Ta2O5 and Ta/G/Ta2O5 devices 
during annealing, respectively. The controlled and localized VO injection in the Ta/G/Ta2O5 
leads to reliable forming-free behavior. Reproduced with permission.5 Copyright 2016, 
American Chemical Society. 
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VOs in the switching layer during annealing eliminates the need for the forming process. 
19 
However, most Ta/Ta2O5 devices could not be erased after annealing. As shown in the inset of 
Figure 5.7b, even if a RESET voltage is applied first without any SET process, an increase in 
device current is still observed leading to a complete short. Only a few Ta/Ta2O5 devices after 
annealing showed repeatable switching behavior. Even in these devices a very conductive HRS is 
observed compared to the unannealed devices, shown in Figure 5.7c. These effects can be 
explained by the global injection of VOs during annealing (Figure 5.7d), which causes the Ta2O5 
switching layer to be flooded with VOs and results in leaky HRS and SA1 failures. On the other 
hand, for the Ta/G/Ta2O5 devices, no significant changes in the HRS and LRS states were observed 
after annealing, and reliable forming-free behaviors can be obtained in the devices after annealing, 
as shown in Figures 5.7b and c. We believe continued optimization of the local seeding effect 
through nanopores in graphene can provide a systematic design methodology to control and 
modulate ionic transport in memristive devices and achieve improved device performance 
including programming current, device variability and reliable forming-free behaviors, which are 
highly desirable for large scale implementations in RRAM and neuromorphic computing 
applications. 
 
5.8 Conclusion 
In summary, we show that ionic transport in oxide-based memristive devices can be 
controlled by a graphene ion-blocking layer with engineered nanopores. The migration of oxygen 
ions and associated redox reactions are blocked by the inserted graphene layer, and oxygen 
vacancy injection into the switching layer is restricted and only occurs through localized openings 
in the graphene layer. This local seeding effect through the graphene layer leads to improved 
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device performance and allows systematic tuning of the RS effects. The effects of graphene at the 
interface between a reactive metal and the switching layer were verified by high-resolution 
microscopy and spectroscopy, and supported by first-principles simulations. By controlling the 
internal ionic dynamic at the atomic scale, this approach provides an attractive option to overcome 
existing challenges in memristive device research and can possibly lead to large-size systems for 
different applications. 
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Chapter 6 K-means Clustering Analysis using a Memristor Neural Network 
 
6.1 Introduction 
Neuromorphic computing systems based on emerging devices such as memristors have 
attracted great interest, especially following recent advances of experimental demonstrations at the 
network-level aimed for practical tasks1-7. As a hardware system that offers co-location of memory 
and logic and highly parallel processing capability, memristor-based networks enable efficient 
implementation of machine learning algorithms8-10. Among the approaches, unsupervised learning 
is of growing importance since it relies on (abundant) unlabeled training dataset11, which is far 
cheaper to obtain than those required by supervised learning algorithms12-14. During training, 
unsupervised learning rules rely on indicators of similarity between the input feature vectors and 
the learned feature vectors (dictionary elements), e.g. distance between these vectors in Euclid 
space, to identify the dictionary element that best matches the input and subsequently adjust the 
weights accordingly15-17. If the dictionary elements are normalized, finding the shortest Euclidean 
distance is equivalent to finding the smallest dot-product between the input vector and the 
dictionary element vector, which can be readily obtained in a memristor crossbar1,2,4. However, 
when the dictionary elements cannot be normalized during learning, finding the shortest Euclidean 
distance is no longer trivial, and can cause significant overhead in hardware implementation.  
In this study, we propose and experimentally demonstrate an approach that directly 
compares the shortest Euclidean distance in a memristor crossbar hardware system, without 
normalizing the weights. As a test case, we use this approach to implement the K-means 
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algorithm15, one of the most widely used unsupervised methods in cluster analysis18,19, 
experimentally in a memristor crossbar array. The network successfully performs cluster analysis 
through online training for different kinds of inputs regardless of the initial centroid locations. 
 
6.2 Methodology 
Device fabrication. The Ta2O5-based memristor networks used in this study were fabricated in a 
crossbar structure in which a memristive device is formed at each crosspoint. Starting from a SiO2 
(100 nm) / Si substrate, the bottom Pd electrodes (50 nm thickness) with an adhesion layer of NiCr 
(5 nm thickness) were formed by photolithography (GCA AS200 Autostep), e-beam evaporation 
and lift-off processes. The Ta2O5-x film (3.5 nm thickness) was then deposited by radio frequency 
(RF) sputtering with very low power (30 W) using a Ta2O5 ceramic target at room temperature. 
Next, the 40 and 40/100 nm thick Ta and Pd/Au top electrodes were patterned in the same manner 
as the bottom electrodes and deposited by direct current (DC) sputtering with power of 100 W and 
e-beam evaporation, respectively. Finally, the bottom electrode pads were opened by etching the 
Ta2O5-x layer using a reactive ion etching (RIE) process with SF6/Ar gases. After fabrication, the 
memristor chip was wire-bonded to a chip carrier and integrated with the test board. 
 
Array test board set-up. A custom-built test board was used for the experiments. The board can 
apply arbitrary voltage pulses to the selected rows and columns and measure output currents from 
any selected row or column. Two digital-to-analog converters (DACs) are used as voltage sources 
(from -5V to +5V) for the rows, and similar setups are sued for the columns of the memristor array.  
The signals are applied through a switching matrix to the selected addresses. DAC0 (DAC2) is 
connected to the selected rows (columns) during programming, and DAC1 (DAC3) is connected 
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to the remaining unselected rows (columns) to supply the protective voltage during programming. 
During read operation, the output node is connected to the Operational Amplifier, with the other 
unselected rows and columns grounded. The board is programmed by an FPGA (Xilinx, Spartan6) 
that is integrated on the test board. The codes are executed in a fully automated manner through 
Python programming.  
 
6.3 Mapping K-means onto RRAM Crossbar Network 
The K-means15 algorithm aims to partition a set of vector inputs into K clusters through 
exploratory data analysis, as schematically shown in Figure 6.1a (for K=3). From the random initial 
centroid locations, the network evolves as input datapoints are assigned to different clusters based 
on the distances between the input datapoint and the different centroid locations, followed by 
updating the centroid locations of the clusters. With a relatively simple form, K-means provides a 
comparable solution to more complex approaches such as autoencoders21 for pre-clustering of 
unlabeled dataset through online training, and reduces the original input space into disjoint smaller 
 
Figure 6.1: Schematic of the K-means algorithm showing the evolution of the K centroid 
locations during online learning.  
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sub-spaces for subsequent use of fine clustering algorithms or data classification through another 
supervised layer22,23. 
However, there are two challenges for experimentally implementing algorithms such as K-
means in memristor-based systems. The first challenge is obtaining the Euclidean distance directly 
in hardware. Memristor arrays can readily implement vector-vector dot-product operations1,2,24,25. 
However, when the weights are not normalized, the feature vector that produces the largest dot-
product with the input vector is not necessarily the one having the shortest distance to the input, 
as will be discussed in detail below. The second challenge is related to the fact that K-means is not 
aimed at minimizing an error/cost. In previously demonstrated systems, the operation of the 
memristor network is to minimize a cost function based on the learning rule - either the output 
label error for supervised learning1,3 or the cost function for representing the input in certain 
unsupervised learning cases2. As a result, the algorithm relies on a known reference (either the 
output label or the original input) to calculate the error/cost. The reference in turn provides a 
feedback mechanism that helps the network converge near the targeted solution, even in the 
presence of sizeable device variations26,27. This feedback mechanism however is missing in many 
unsupervised learning and arithmetic operation processes, including the K-means approach, since 
such algorithms do not explicitly aim to minimize an error against a reference, and thus hardware 
demonstration will post more stringent requirement on the device performance.  
 
6.4 Extended RRAM Network 
Here we address these challenges and experimentally implement the K-means algorithm in 
memristor crossbar array-based hardware as a test case. In the implementation, locations of the K 
centroids are directly mapped as weights in the memristor array in column-wise fashion, i.e., Wmn 
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at cross-point (m, n) in the memristor array corresponds to the m-th coordinate value of the nth 
centroid. The weights are in turn represented by the state variable (w) in the device model, which 
is linearly mapped onto the device conductance. With the input vector set U and a randomly 
generated initial weight matrix W, the K-means algorithm iteratively performs two successive 
operations to assign the inputs to the appropriate clusters. The first process, the searching step, is 
to find the nearest centroid for a given input and assign the input to the associated cluster. It is then 
followed by the second process, the update (learning) step, which updates the selected centroid 
coordinates due to changes in the cluster composition. The crossbar structure as shown in Figure 
6.2 is extremely efficient in implementing vector-matrix multiplication operation, which is one of 
the core operations1-4 in neuromorphic systems, through simple Ohm’s raw and Kirchhoff’s law, 
i.e., the current (or charge) collected at each output neuron (𝐼𝑛 = ∑ 𝑉𝑗 ∙ 𝑊𝑗𝑛𝑗 ) represents the dot-
product of the input voltage vector and the stored conductance vector. In general vector-vector 
dot-product operation provides a good indication of the similarity between the input vector and the 
stored vector, and thus can be viewed as performing a pattern-matching operation and is commonly 
used in machine-learning algorithms, particularly if the stored feature vectors can be readily 
normalized. However, algorithms such as K-means rely on finding the exact Euclidean distances, 
not just the similarity between the vectors, to decide the winning neurons and perform the updates. 
The Euclidean distance of the input vector U and the weight vector Wn for the n
th centroid 
is determined by equation (6.1): 
‖𝑈 − 𝑊𝑛‖
2 = 𝑈2 − 2𝑈 ∙ 𝑊𝑛 + 𝑊𝑛
2        (6.1) 
Beside the dot-product term 𝑈 ∙ 𝑊𝑛 , two other terms, U
2 and 𝑊𝑛
2 , are required to obtain the 
Euclidean distance ‖𝑈 − 𝑊𝑛‖. The U
2 term depends on the input only and thus is a constant for 
all centroids and will not affect the comparison when determining the winning neuron. However, 
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the 𝑊𝑛
2 = ∑ 𝑊𝑗𝑛
2
𝑗  term, representing the L2 norm of the weight vector associated with centroid n, 
can in general be different for each centroid. Only in certain conditions will the weight vector be 
naturally normalized (e.g. when the weight update follows the Oja’s rule27). Numerically 
normalizing the weight vectors is expensive, and if not performed, the dot-product 𝑈 ∙ 𝑊𝑛 will not 
in general correctly represent the Euclidean distance due to differences in the 𝑊𝑛
2 term.  
Below we show that Euclidean distance comparisons can still be obtained in memristor 
crossbar-based implementations. We note that if the array matrix is expanded to include one 
additional row representing the W2 term (called the W2 scheme approach for convenience), results 
from equation (6.1) can still be obtained in the memristor array during a single read operation 
using the same vector-matrix multiplication approach. Here, the new matrix consists of both the 
original W matrix (sized M×N) and a new S matrix (sized 1×N) (Figure 6.2). The S matrix in this 
case is just a single row and stores the average value of the squared weight (<𝑊𝑛
2> = ∑ (
𝑊𝑗𝑛
2
𝑀
)𝑗 ) for 
the nth centroid. The key is then to obtain the desired output using this expanded matrix and to 
allow the S matrix to be updated correctly during unsupervised online learning. 
 
Figure 6.2: Mapping the proposed algorithm onto the memristor array. The coordinates of 
a centroid is stored as the memristor conductance values in the corresponding column in the 
W-matrix. The W2 information for the centroid is stored by the memristor conductance in 
the S matrix in the same column. The input values are coded as pulses with different widths 
and are applied to the rows of the expanded W-matrix. The accumulated charges at the 
columns’ outputs allow direct comparison of the Euclidean distances. 
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During Euclidean distance calculation, the input vector will now include the original input 
U (applied to the rows of the original W matrix), and an additional, constant element -M/2 that will 
be applied to the S matrix, as shown in Figure 6.2. Here M is the number of rows in the W matrix. 
The choice of the input and the S matrix is to ensure the values of the elements in the S matrix are 
in the same range as the values in the W matrix, so that the same type of memristor devices can be 
used for the expanded matrix. Experimentally, the elements in the input vector are implemented 
with voltage pulses having a fixed amplitude (Vread=0.3V in our study) and variable widths 
proportional to the desired input values. The input voltage pulses are applied to the network to 
perform the vector-matrix multiplication, and the charge Qn accumulated at each output will 
represent the distance between the original input vector U and the weight vector Wn since 𝑄𝑛 =
∑ (𝑈𝑗 ∙ 𝑊𝑗𝑛 −
𝑊𝑗𝑛
2
2
)𝑗  differs from the exact expression (1) only by a (-) sign and a constant U
2. As a 
result, the higher the output charge obtained from a particular column in the memristor array, the 
shorter the distance is between the input U and the centroid represented by the column.  
After identifying the nearest centroid, the second step is to update both the weights 
associated with the centroid (representing the coordinates of the centroid location) in the original 
W matrix and the S matrix representing the <𝑊2> term. We have developed a learning rule that 
can be readily implemented in the memristor hardware, shown in equation (6.2).  
∆𝑊𝑛 = 𝜂 ∙ (𝑖𝑛𝑝𝑢𝑡 − 𝑊𝑛)        (6.2a) 
∆𝑆𝑛 = ∑ (
𝑊𝑗𝑛
2
𝑀
)𝑗 − 𝑆𝑛         (6.2b) 
Here 𝜂  is a constant and represents the learning rate for the W matrix. Note update is only 
performed for the column corresponding to the nearest centroid, and both the W matrix and the S 
matrix are updated simultaneously. By repeating the iterative training process with the searching 
step and the updating step, the network stabilizes and learns the centroids of the K clusters. 
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6.5 Optimization of Analog Switching Behaviors 
As discussed in Section 6.3, experimental implementation of the K-means algorithm in 
RRAM networks requires more accurate weight update based on better analog switching 
behaviors. However, conventional Ta2O5-based devices show highly nonlinear analog switching 
effects, as shown in Figure 6.3b. Specifically, when the device is stimulated with a series of 
identical programming pulses, the device switching characteristics can be roughly divided into two 
regimes. The first regime exhibits abrupt conductance changes with a relatively larger dynamic 
range, while the second regime shows more gradual conductance change, but with a very small 
dynamic range. From device simulation (Figure 6.3c), we found that the initial abrupt change is 
caused by the vertical growth of the filament (marked as states A,B, and C in Figure 6.3b and c) 
 
Figure 6.3: (a) Pulse trains for analog switching (b) Analog conductance update 
characteristics, showing initial abrupt change followed by gradual saturation. (c) Simulation 
results showing oxygen vacancy profile during the set process.15 
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and the second regime with more gradual conductance change corresponds to the lateral growth of 
the filament through VO diffusion (marked as states D and E). 
To improve the gradual conductance change characteristics and the dynamic range, we 
employed a low-density Ta2O5 film as the switching layer based on the assumption that a film with 
lower density offers lower VO diffusion barrier and will lead to more lateral growth and larger 
dynamic range. We note that a low-density film could be deposited by using low RF power during 
the sputtering process, as shown in Figure 6.4a. The smaller voltage drop across plasma sheath in 
the low-power condition reduces the kinetic energy of energetic ions and thus the energy of the 
sputtered materials. As a result, packing factor will be reduced, leading to a low-density amorphous 
 
Figure 6.4: (a) Film density of Ta2O5 films deposited with different RF sputtering powers (b)  
Comparison of the analog conductance update characteristics of the high- and low-density 
devices, showing improved linearity in the low-density device (c-d) Analog conductance 
update characteristics of a device made by high-density (c) and low-density (d) film. 
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film. Indeed, a device with the low-density film exhibits a more incremental switching with 
improved dynamic range, as shown in Figure 6.4c and d. The linearity of the analog switching can 
be determined by fitting the analog conductance update curve with equation: 
𝑤 = (𝐴 × ∆𝑡 + 𝐵)
1
𝛼          (6.3) 
where 𝐴, 𝐵, and ∆𝑡 are fitting parameters and the applied pulse width (or the number of applied 
pulses). The optimized device with the low-density film exhibits a reduced linearity factor,  of 
3.6, compared to the control device with  of 6.8. The lower  suggests a more linear conductance 
update process (with  = 1 for the ideal linear response case) (Figure 4.4b). Based on the optimized 
Ta2O5-x RRAM device, experimental implementation of the K-mean algorithm was performed 
using the as-fabricated 16×3 crossbar array, as shown in Figure 6.5.  
 
6.6 Experimental Implementation of the K-means Algorithm  
The K-means algorithm was experimentally implemented using the memristor array and a 
custom-built testing board. The test board allows arbitrary pulse signals to be sent to and electronic 
 
Figure 6.5: Scanning electron micrograph (SEM) image of a fabricated crossbar array used 
in this study. Upper left inset: schematic of the device structure. Lower left inset: Photo of 
the test board. The memristor array is wire-bonded (upper right inset) and integrated into 
the board system. 
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current collected from either individual devices or multiple devices in multiple rows and columns 
simultaneously in parallel. 
A simple 2-dimensional (2D) dataset was first used to test the system. Specifically, 50 2D 
data points that can be explicitly partitioned into three clusters, i.e. K=3, were manually generated 
in the study to verify the operation of the memristor network. Figure 6.6a shows the evolution of 
the learned centroid positions obtained from the memristor-based K-means system, using online 
unsupervised training for three different initial weights conditions. During training, the closest 
 
Figure 6.6: Experimental implementation of K-means using the memristor crossbar. a, 
Evolution of the three centroid locations during training, for three cases with different initial 
configurations: i) all three centroids were located at the same position outside the dataset; ii) 
all three centroids were located at the same position inside the dataset; iii) randomly assigned 
initial positions. The final locations of the centroids are represented by the stars. b, Evolution 
of the W elements Wx, and Wy (representing the centroid coordinates) for centroid 1 in case 
I, along with the centroid’s S element, and a reference showing the calculated <W2> during 
training. Each iteration includes 50 training operations for a given input data set. c, 
Difference between the stored S element and the calculated <W2> for the three centroids, 
showing a rapid decrease after only a few training steps. d, Success rate of correctly finding 
the nearest centroid using the memristor network, as a function of the iteration number 
during training. The success rate becomes > 95% after 4 iterations. 
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centroid to an input is first determined from the memristor array using the W2 approach, followed 
by updates of the W and S elements for the selected centroid based on equation (6.2). For example 
in case (i), the three centroids were initially placed at the same location, i.e. having nearly identical 
W vectors in the memristor matrix (with the small differences due to device variations among the 
different columns). During training centroid 2 moved in the left direction towards one group, while 
centroid 3 moved in the up direction. Centroid 1 moved in the upper left direction with relatively 
large movements at the beginning of training, and turned left towards the group of data farthest 
from the initial point. After training, the three centroids settled to the centers of the respective 
clusters, and every point in the dataset can be properly assigned to one of the three clusters. Other 
initial centroid locations, such as having all centroids located in the center of the dataset (case ii), 
and having the centroids randomly distributed (case iii) have also been tested, and the memristor 
network can successfully perform K-means clustering in all cases (Figure 6.6a) using our 
experimental setup, demonstrating the reliability of the proposed training algorithm and the 
hardware implementation using physical memristor crossbar arrays, even with non-normalized 
weights.   
We note that the reliability of the K-means algorithm implementation depends critically on 
how accurately the W and S elements are modulated during training, since errors in these elements 
directly affect the obtained Euclidean distance and the subsequent identification of the winning 
centroid. The experimentally obtained evolution of the W and S elements during training are shown 
in Figure 6.6b. One can see that as a W vector (e.g., Wx and Wy of centroid 1 in Case (i) shown in 
Figure 6.6b) is updated when a new data point is added to the cluster, the corresponding S element 
is properly adjusted based on the proposed algorithm, and the learned S elements in the memristor 
network following the proposed equation (6.2b) are indeed in good agreement with the calculated 
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value of <W2>. Specifically, Figure 6.6c shows the difference between the stored S values and the 
calculated <W2> value (numerically calculated from the measured values of the W matrix). The 
error is large in the beginning because the S elements were not initialized according to the W matrix 
values. Importantly, the error drops rapidly with only a few training steps and remains very low, 
due to the excellent incremental conductance modulation capability of the physical device as 
shown in Figure 6.4c. As a result, the system can correctly find the nearest centroid with over 95% 
success rate after 4 iterations as shown in Figure 6.6d, verifying that the proposed W2 scheme can 
be used to efficiently calculate distances between vectors without compute-intensive normalization 
processes. 
 
6.7 Conclusion 
In this work, we experimentally demonstrated memristor-based neural networks for K-
means clustering analysis. A W2 scheme was proposed to allow accurate calculation of the 
Euclidean distance, which is an essential operation in many machine learning algorithms, through 
direct vector-matrix multiplication in memristor networks with non-normalized weights. Without 
a cost function that provides a feedback mechanism, the K-means algorithm poses stricter 
requirements on compute accuracy and device variability compared with other neuromorphic 
computing algorithms. With an expanded weight matrix, properly designed training rules, and 
improved device properties, we show K-means clustering can be reliably implemented using 
memristor networks. With continued device and algorithm optimizations, the results obtained here 
can pave the way towards practical memristor network hardware for more broad applications 
beyond neuromorphic systems.  
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Chapter 7 Future Works 
7.1 Large RRAM Crossbar Array 
In Chapter 6, we demonstrated the experimental implementation of data clustering 
algorithm using a RRAM crossbar array. However, larger crossbar arrays are still needed to  
implement more complex or deeper networks. When the size of a crossbar array is increased, 
several issues are expected. First, line resistance of bottom and top electrodes will increase, leading 
to severe voltage dividing effects and thus large variations in the actual applied field at each device 
depending on the location of devices in a crossbar array. To reduce line resistance, optimization 
of the electrode materials and structures, such as thickness of bottom electrode, a side-wall spacer 
for the mitigation of the ridges formed around the bottom electrode edges, and buried electrode 
need to be systematically investigated. Additionally, it is highly desirable to reduce the operation 
current level of oxide-based RRAM devices because it will mitigate the effects of line resistance 
and also reduce power consumption. 
Another important task to achieve fully functional, large passive crossbar array is 
incorporating a component that can work as a current compliance. Even for devices having 
electroforming-free behavior (or with low enough forming voltage), the current during the first 
several programming cycles still needs to be limited to prevent damage to the device. In a small-
size array, external resistance (e.g., from extension lines) can limit current flow by adding an 
appropriate amplitude of series resistance as the array used for the K-means clustering 
implementation in Chapter 6. However, the number of parallelly connected RRAM devices 
increases quadratically as array size increases, leading to a very severe voltage divider effect at the 
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external resistance. As a result, higher voltage will be required to subsequently form/program 
devices in the array, damaging devices that have already been formed earlier.  
One solution is to add on-cell resistance instead of external resistance. An additional layer 
added in a RRAM device stack can provide a constant series resistance as an on-cell resistor 
regardless of how many devices are already formed/programmed in an array. For example, ITO 
thin films with different oxygen flow during sputtering deposition can result in controlled 
resistivity values in a large range of over four order of magnitude. By finding proper oxygen flow 
and thickness of an ITO layer, RRAM devices with self-compliance layers could be achieved. 
Lastly, device variability and yield still need to be improved further to achieve large 
crossbar arrays. Specifically, RRAM devices are inherently stochastic during the resistive-
switching process, originating from the stochastic, thermally activated ion migration and redox 
processes. These stochastic effects lead to temporal variations, in which the switching time or 
switching voltage is broadly distributed from cycle-to-cycle, even for the same device. The 
stochastic growth of the filament, combined with the disordered nature of the amorphous switching 
material, also results in large device-to-device variations. Confining a filament would be a good 
approach to solve these issues. The concentrated electric field resulting from engineered 
nanostructures and optimized switching materials can help guide ion transport and redox reactions, 
thus suppressing random and uncontrolled filament growth.  Further research will be needed to 
develop practical methods and structure for large arrays. 
